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Synthesis of Al-Al,O; nanostructures by laser ablation

The results of synthesis of aluminum nanoparticles (NPs) by laser ablation are presented. Water, ethanol,
chlorobenzene were used for the synthesis of NPs as solvents. Measurements of sizes and shapes of NPs are
carried out. Particle’s sizes was determined using the dynamic light scattering method. Sizes of nanoparticles
depends on the boiling point of solvents. Electron microscopic images show that the formation of spherical
nanoparticles. Absorption spectra of solutions of aluminum NPs and aluminum oxide (Al,O3) NPs are meas-
ured. A computer simulation of extinction spectra of aluminum NPs and Al,O; NPs in an aqueous solution
was also carried out. Extinction spectra of Al and Al,O; nanoparticles of different sizes in the water were cal-
culated by using Mie theory. The comparison of results of measurements and the simulation showed a signifi-
cant difference. Luminescence spectra of aqueous solutions of aluminum NPs and aluminum oxide NPs were
measured with the ultraviolet excitation. Results of measuring of the luminescence spectrum of the water of
aluminum NPs indicate the presence of Al,Oj.

Keywords: Al nanoparticles, Al,O; nanoparticles, Al-Al,O3; nanoparticles, absorption spectrum, lumines-
cence.

Introduction

Recently, there are an increase in the attention of various research groups to the development of meth-
ods for the synthesis and the practical use of metal nanoparticles (NPs). This interest is related to the obser-
vation of a surface plasmon resonance in NPs, which leads to a fundamental change in optical and electri-
cal properties of materials with metal nanoparticles [1, 2]. Optical and electrical properties of NPs depend
on a number of factors such as the size of the nanoparticles, their shape and their material. The most popular
materials with plasmon properties are silver, gold and copper. However, the number of plasmon materials
is much larger and includes most metals [3], as well as some semiconductor materials [4, 5].

However, as is known [6], the specific surface of NPs increases with decreasing particle sizes. The
growth of the specific surface area of nanoparticles leads to an increase in a chemical activity of metal parti-
cles [7]. One of the main way to protect nanoparticles from destruction is the synthesis of a protective shell.
The shell can be organic or inorganic materials. The most commonly used substances are oxide materials,
such as TiO, or SiO,.These oxide materials lead to form stable NPs [8]. Methods for the synthesis of shells
with an accuracy of one nanometer have been developed.

One of the direction of using metal NPs is photovoltaic. A review of scientific publications on the using
of the plasmon effect in photovoltaics shows to increase the efficiency of both inorganic [9-10] and organic
solar cells [11, 12]. In most cases, silver and gold NP are used, which have the maximum plasmon effect in
the visible spectral range [9, 10, 13]. It is also proposed to use aluminum NPs in solar cells [14].
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In this paper, results of the synthesis of Al nanoparticles by the laser ablation and the study of their op-

tical properties are presented. The influence of solvents on the size and optical properties of synthesized NPs
was studied.

Experiment

The method of the laser ablation in a liquid was used for the synthesis of Al NPs. The installation
scheme for obtaining nanoparticles is shown in Figure 1. The solid-state Nd: YAG laser (1) (SOLAR LQ
215) was used for the ablation. The second harmonic of the laser is used (Agen = 532 nm, Ej, =90 mJ, 1=7
ns, v =20 Hz). The laser radiation was directed with a mirror (2) and focused by a lens (3) onto a horizontal-
ly placed target - an aluminum plate (5) in a cell with a liquid (4).

Laser LQ-215

Figure 1. Scheme of the plant for obtaining aluminum nanoparticles by the laser ablation in a liquid

Various solvents were used for the ablation. The ablation time was determined qualitatively, by chang-
ing the color of the solvent. The data on the ablation time are given in Table 1.

Average dimensions of obtained Al nanoparticles were determined by a dynamic light scattering using
Zetasizer Nano ZS particle size analyzer. The NPs morphology was studied with Tescan Mira 3 scanning
electron microscope. Absorption spectra were recorded on Cary 300 (Agilent) spectrophotometer, and the
luminescence was measured by Cary Eclipse (Agilent).

Results and discussion

The distribution of NP sizes (d) in various solvents is shown in Figure 2 and Table 1. As shown in [15],
the size of NPs depends on the boiling point of a solvent. Indeed, NPs with the smallest size are formed for a

liquid with a high boiling point (chlorobenzene). NPs with the largest size are obtained for a solution with a
low boiling point (ethanol).
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Figure 2. The distribution of sizes of aluminum NPs in the ethanol (a) and in the water (b)
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Table 1
The dependence of dimensions of Al NPs from the solvent
Medium Ablathn time Boiling point, °C AVf{rage particle
(min) size d (nm)
Ethanol 10 78 55
Water 4 100 38
Chlorobenzene 2 131 15

Electron microscopic images of NPs are shown in Figure 3. NPs have a predominantly spherical shape.
Nanoparticle sizes (d) differ from sizes obtained by the laser light scattering method (Fig. 2, Table 1). This
may be due to an aggregation process of NPs after transferring particles to a solid surface.
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Figure 3. Microscopic images of aluminum nanoparticles in the water (a) and in the chlorobenzene (b)

Absorption spectra of NPs solutions were measured. Absorption spectra of aluminum NPs obtained in
various solvents was shown in Figure 4. The spectrum of Al,O; NPs with the average size of 125 nm in the
water was also shown in Figure 4b. Main characteristics of absorption spectra are given in Table 2. In the
case of Al NPs in the water, it was used 3-fold dilution for the measurement of the absorption spectrum.

Absorption spectra for NPs in the water and the ethanol have a main maximum in the range 195-200
nm. These data are good agreement with spectral data obtained in other works [16, 17]. In the water, the ab-
sorption spectrum contains additional bands with maxima at 209, 263 nm. The absorption spectrum has
peaks at 229, 264 nm for Al NPs in the chlorobenzene and doesn’t have the maximum at 195-200 nm. The
solution becomes yellow during the ablation of the aluminum target in the chlorobenzene. The ablation
doesn’t result in a color change of the solution for the water or the ethanol. Metal NPs are formed with a car-
bon shell at the ablation of metals in organic solvents [18]. Therefore, the formation of Al particles with a
carbon shell is possible in the chlorobenzene.
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Figure 4. Absorption spectra of Al NPs in various solvents (a) and Al,O; nanoparticles in the water (b)

Table 2

The influence of solvents on characteristics of absorption spectra
of Al nanoparticles obtained by the laser ablation

Sample Medium AL, nm A1, NM
1 Ethanol 199 114
196, 34
2 Water 209, 17
263 40
229 13
3 Chlorobenzene 265 41

A computer simulation of extinction, absorption and scattering spectra was carried out for solutions of
Al NPs. The program Mie plot V.4.4.11 was used. Mie theory [1] were used for the simulation. The algo-
rithm of numerical calculations is described in detail in [19, 20]. The frequency dependence of the dielectric
constant (g) of Al and Al,O5 solid materials were used for the calculations given in [21, 22]. Extinction spec-
tra for Al nanoparticles in the water are shown in Figure 5. Simulation results show that experimental ab-
sorption spectra of an aqueous solution of aluminum NPs (Fig. 2, curve 2) can correspond to solution NPs
with a size (r) from 9 to 11 nm. However, the measurement of the size of NPs by the dynamic light scattering
method shows of d=38 nm for diameter NPs in the water. Also, the distribution of NPs is the monodisperse
(Fig. 2, b). Thus, results of the direct measurement of the NPs size in the water by the dynamic light scatter-
ing do not correspond to results of the analysis of absorption spectra and the simulation of extinction spectra
of NPs in the water.

The formation of aluminum oxide NPs (Al,O;) instead of aluminum NPs is possible at the laser ablation
of the aluminum target in the water. But the laser ablation of aluminum in the water [16] shows the for-
mation of aluminum oxide (Al,O;) together with Al NPs. However, the measured spectrum of Al,O; NPs
with a size of 125 nm didn’t show the presence of absorption maxima in the 200 -600 nm range (Fig. 4, b).
A comparison of the obtained spectral data for Al NPs with the data on the absorption of Al,O; (Fig. 4, b)
and the simulation of the spectra of Al,O; NPs (Fig. 5, b) showed that spectra of synthesized NPs can’t be
explained by the formation of only the Al,O; NPs. The obtained data indicate the formation of nanostruc-
tures based on Al and Al,Os.
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Figure 5. Extinction spectra of Al NPs with various sizes (r) in the water (a) and Al,O; NPs in the water (b)

Luminescence spectra observed for synthesized NPs can be an additional factor that indicates the for-
mation of aluminum oxide as a result of the laser ablation. Absorption spectra of the aluminum are located in
the ultraviolet region. The solvent glows observed after the ultraviolet irradiation of the chlorobenzene and
the ethanol. Therefore, only aqueous solutions were used to study the luminescence of nanostructures based
on the aluminum. The luminescence spectrum of Al,O; and Al NPs in the water is shown in Figure 6.

The comparison of spectra in figure 6 shows presence of Al,O; in the solution. There are luminescence
bands with peaks at 380, 403, 426, and 486 nm in the luminescence spectrum of the Al NPs solution. Lumi-
nescence bands with maxima at 425 and 486 nm are observed for the luminescence spectrum of Al,O3; NPs.
Similar results were obtained in [16, 23]. These bands can be attributed to the luminescence of various F cen-
ters of a crystalline Al,Os. The correspondence between the maximum of the luminescence bands and centers
or defects responsible for the appearance of these luminescence bands is given in Table 3 [23].
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Figure 6. Luminescence spectra of Al NPs (1) and Al,O; NPs (2) in an aqueous solution

Table 3

Spectral characteristics of the defective luminescence of Al-Al,Oz; nanostructures in the water

Maximum luminescence, nm (eV) Probable centers and defects in A1203
380 (3,26) F.F,
403 (3,08) F,
426 (2,91) F, Al; (interstitialatom)
486 (2,55) Al-OH
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Thus, the conducted studies showed that laser ablation of the aluminum in various solvents leads to the
formation of Al NPs. The size of NPs depends on the properties of the solvent. Absorption and luminescence
spectra of synthesized NPs are measured. The analysis of absorption and luminescence spectra of Al NPs in
the water showed that laser ablation in water forms Al-Al,O; nanostructures.
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I.A. Adanacees, H.X. U6paeB, M.E. KacsimoB

JlazepJik a0asiums dgiciMmen Al-Al,O3; HAHOKYPBLIBIMIAPABIH CHHTE3I

Maxkanana nasepii abaamus oxiciMer amomuanil HanobGenmekrepiniy (HB) cunresi kenripinren. Cysl, aTun
CIIUPTIH XoHE XJIOPOSH30JIIBI CUHTE3/ICY YIIIH opTYpIi epiTkimTep KoianansuraH. Ansiran Hb xememuepi
MCH IMIHAEPIH eJey XYMBICTapbl Kyprizingi. CoyleHIH IMHAMHUKAJIBIK IIAIIBIPAY OICIH KOJITAHBII,
OenmeKTepiH  Keiemi aHbIKTanAbl.  HanoOeniuekTiH  Kkejemi  KOJJIaHFaH  CPITKIIITIH  KaiHay
TeMIIepaTypachlHa TAyeJAl CKEHIIrl alKbIHAAIIBL. DJIEKTPOHABI-MHUKPOCKOIMSIIBIK CYpPEeTTep/eH Jasepii
abmsaust kesinge cdepansl HaHoOenIeKTepaiH maiga GomybiH kepyre Oomansl. Amromunuit HB xone
TIOMAHHUN OKCHIIHIH JKyThUTy crekTpi esmmenai. CoHeiMeH Katap amomuHuii HB cynbl epitinaicinig
SKCTUHKIUSI CIIEKTPIHIH KOMITBIOTEPINIK CUMYJISIIUSCH JKYPTi3uimi. Onmey >koHe CUMYJIIIUS HOTHXKETIepiH
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CAJIBICTBIPY OJIAP/BIH AHAFYPJIbIM ailbIpMalIbUIBIKTAPbIH aiikbIHAaabl. Amomunuii HB momuHecueHTTI
CIIEKTPJICPiH OJIIIIeY HOTIKEIePi epTiTiH/AiAe aMIOMUHIN OKCHAIHIH 6ap OOIYbIH KOPCETTI.

Kinm ce30ep: Al nano6emnmekrepi, Al,O; HaHOGOMIIEKTEP], KYTHUTY CIIEKTPi, JIOMUHECLICHIINS.

J.A. Adanacwes, H.X. U6paeB, M.E. Kacbimos

Cunre3 HaHOCTPYKTYP Al-Al,O; MeTo10M J1a3epHOI a0 asIIUN

B pabote nmpuBeneHs! pe3yibTaTsl cuHTe3a HaHodactun (HY) amomuuus Metonom jiasepHoil abmsamuu. HMc-
TM0/Ib30BaHbI PA3JIMIHBIE PACTBOPUTENH JUIs IPOBEICHUS CUHTE3a: BOJA, 3THIIOBBIHM crupT, xsopoen3on. Ipo-
BEJICHO M3MepeHue pa3mepoB U (Gopmel nomyuenHsix HU. Pasmep yactun onpesensics Npu UCHOIb30BaHUH
METOJ]a JMHAMUYECKOTO PACCEesHHs CBETA. Y CTAHOBIICHO, YTO pa3Mep HAHOYACTHI] 3aBHCHUT OT TEMIIEPATyphl
KUIIEHHS UCTIOIB3YEMOTO PACTBOPHUTENS. DIEKTPOHHO-MHKPOCKOIINYECKHE CHUMKH MTOKA3bIBAIOT, YTO B XOJ/€
Ja3epHOH abJSIUM IPOUCXOAUT oOpa3oBaHue cepHIecKnx HaHodacTHIl. IIpoBeneHO n3MepeHHe CIEeKTPOB
nioryomenust pactBopoB HU amomunust n oxcnna amomunus (Al,O;). Taxke npoBoauiIach KOMIBIOTEPHAS
cumyssanus crektpos skctuHknur HY Al u AL,O; B BogHOM pactBope. B pamkax Teopun Mu Opun paccun-
TaHbI CIIEKTPHI IKCTUHKIUK HaHo4acTull Al u Al,O; pasHoro pa3mepa B Boae. CpaBHEHHE pe3y/IbTaTOB H3-
MEpeHUH U CHMYJILMU I0KA3aJI0 3HAYUTENbHOE MX pacxoxiaenue. IIpu ynbrpaduoseToBoM BO30OYKASHUH
OBbIIIM M3MEPEHBI CHEKTPhI JIIOMUHECIIEHIMH BOAHBIX pacTBopoB HY amomuuus u okcuia amoMuHus. Pe-
3yIbTaThl U3MEPEHUSI CIIEKTPOB moMuHecueHmn HY amoMuHMS yKa3bIBalOT Ha MPUCYTCTBUE B PAcTBOPE
AL 0.

Kniouesvie cnosa: HaHO4YaCTHUIbI Al, HaHOYaCTHULbI A1203, CIICKTP NOIIONICHUA, TIOMUHECICHIINA.

References

1 Maier, S.A. (2007). Plasmonics. Fundamentals and Applications. New York: Springer.

2 Klimov, V.V. (2009). Nanoplazmonika [Nanoplasmonics]. Moscow: Fizmatlit [in Russian].

3 Xia, Y., Xiong, Y., Lim, B., & Skrabalak, S.E. (2009). Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry
Meets Complex Physics? Angewandte Chemie International Edition in English, 48(1), 60—103.

4 Kittel, C. (2005). Introduction to Solid State Physics. 8th. New York: John Wiley & Sons.

5 Boer, K.W. (2002). Survey of Semiconductor Physics. 2nd. New York: John Wiley & Sons.

6 Zimon, A.D., & Pavlov, AN. (2012). Kolloidnaia khimiia nanochastits [Colloid chemistry of nanoparticles]. Moscow:
Nauchnyi mir [in Russian].

7 Ryzhonkov, D.I., Levina, V.V., & Dzidziguri, E.L. (2010). Nanomaterialy [Nanomaterials]. Moscow: BINOM. Laboratoriia
znanii [in Russian].

8 Ghosh, R., Paria, Ch., & Paria, S. (2012). Core/Shell Nanoparticles: Classes, Properties, Synthesis Mechanisms, Characteri-
zation, and Applications. — Chemical Reviews, 112, 2373-2433.

9 Pillai, S., Catchpole, K.R., Trupke, T., & Green, M. (2007). Surface plasmon enhanced silicon solar cell. Journal of Applied
Physics, 101, 093105(1)-093105(8).

10 Schaadt, D.M., Feng, B., & Yu, E.T. (2005). Enhanced semiconductor optical absorption via surface plasmon excitation in
metal nanoparticles — Applied Physics Letters, 86, 063106(1)-063106(3).

11 Fukuda, M., Aihara, T., & Yamaguchi, K. (2010). Light detection enhanced by surface plasmon resonance in metal film —
Applied Physics Letters, 96. 153107(1)-153107(3).

12 Sha, W.E.L,, Choy, W.C.H., Wu, Y., & Chew, W.Ch. (2012). Optical and electrical study of organic solar cells with a 2D
grating anode — Optics Express 20. 2572—2580.

13 Catchpole, K.R., & Polman, A. (2008). Plasmonic solar cells — Optics Express. 16. 21793-21800.

14 Ikhsanov, R.Sh., Protsenko, I.E., & Uskov, A.V. (2013). Increasing the efficiency of organic solar cells using plasmonic na-
noparticles — Technical Physics Letters. 39, 5, 450-453.

15 Golightly, J.S. (2007). Formation and characterization of nanopartiles via laser ablation in solution. PhD doctor thesis. Penn-
sylvania State University.

16 Kumar, Bh., & Thareja, R.K. (2010). Synthesis of nanoparticles in laser ablation of aluminum in liquid. Journal of Applied
Physics, 108, 064906(1-6).

17 Baladi, A., & Mamoory, R.S. (2009). Study on wavelength and energy effects on pulsed laser ablation synthesis of aluminum
nanoparticles in ethanol — Abstracts of Papers Fifth International Conference on MEMS NANO, and Smart Systems, 218-221.

18 Krutyakov, Yu.A., Kudrinskiy, A.A., Olenin, A.Yu., & Lisichkin, G.V. (2008). Synthesis and properties of silver nanoparti-
cles: advances and prospects — Russian Chemical Reviews, 77, 3, 233-257.

19 Grainger R.G., Lucas J., Thomas G.E., & Ewen G.B.L. (2004). Calculation of Mie Derivatives. Applied Optics, 43, 28, 5386—
5393.

20 Sileikaite, A., Prosycevas, 1., Puiso, J., Juraitis, A., & Guobiene, A. (2006). Analysis of Silver Nanoparticles Produced by
Chemical Reduction of Silver Salt Solution. Materials science (MEDZIAGOTYRA), 12, 4. 287-291.

14 BecTHuk KaparaHgmHckoro yHusepcurteTa



Synthesis of Al-Al,O3 nanostructures by laser ablation

21 Rakic, A.D. (1995). Algorithm for the determination of intrinsic optical constants of metal films: application to aluminum —
Applied Optics, 34, 22, 4755-4767.

22 Malitson, I.H., & Dodge, M.J. (1972). Refractive Index and Birefringence of Synthetic Sapphire. Journal of the Optical Soci-
ety of America, 62, 1405.

23 Abdolvahab, A., Farjami, Sh.S., & Taheri, Gh.R. (2017). Intrinsic luminescence centers in y- and 0-alumina nanoparticles.
Chinese Physics B, 26, 3, 036101.

Cepusa «dusmka». Ne 3(91)/2018 15





