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The effects of metal core dimension, oxide shell thickness and ellipsoid aspect ratio of Al-Al2Os3 core-shell nanopar-

ticles on the near-infrared and visible absorption spectra of nanocomposite Al-AloO3 /nitrocellulose(NC) film are inves-

tigated by numerical calculations. Both the size-dependent interband transitions and frequency-dependent free electron

damping of the nanometallic aluminium are taken into account in the calculations. Oxidation effect of nanoaluminium

is also analysed. It is shown that oxidation may enhance but may also reduce the optical absorption, depending on

the excited light energy and initial dimension of nanoparticle. Metal core size and excited light energy dominate the

absorption characteristic. The absorption ability of ellipsoidal nanoparticles is larger than that of spheroidal nanopar-

ticles and increases by the square index as the aspect ratio increases. These calculations will provide some significant

theoretical guidance for the preparation and laser ignition of nanoenergetic materials.
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1. Introduction

Nanoenergetic materials have attracted much at-
tention because of their wide applications in defense
and military fields.["? It is known that nanometal-
lic aluminium additives to energetic formulations can
improve performance due to the high combustion
enthalpies.3~9 Laser ignition of nanoenergetic mate-
rials is a novel ignition technology in aviation field due
to the advantages of security and reliability. ! Knowl-
edge of the optical absorption properties of nanometal-
lic particles will redound to an understanding of the
ignition energy and time, thereby allowing materials

to be tailored for specific applications.!”]

The size and the shape of nanoparticles are
crucial parameters that determine their absorption
characteristics.®~12] Recently, most researches about
the size and the shape effects of nanoparticles have
been performed for the noble metals which are used

in chemical and biological sensors!!0-13]

g [14-17]

or some op-

tical apparatu However, few experimental re-

core-shell nanoparticle, optical absorption, interband transition, nanoenergetic material

ports are involved with the nanometallic aluminium
as the additives of nanoenergetic materials.!'8! Yang et
al18] measured the absorption coefficient of Al-Al,Os
nanoparticles embedded in an NC film and found the
absorption intensity was size-dependent. But they did
not give any quantitative relationship. Wang et al['")
indicated that the Al,O3 layer in Al-Aly,O3/NC na-
noenergetic materials played an important and non-
negligible role in laser ignition. However, they were
concerned more about the dynamic effect of Al;Og
layer but did not examine its effect on the optical
absorption. Very early, Ruppin?” and Simanek[*!
theoretically studied the far-infrared absorption of
Al-Al;O3 core-shell nanoparticle and showed oxide
layer dominated the optical absorption of nanopar-
ticle. However in a near-infrared region, the AlyO3
almost is transparent and has no reflection and ab-
sorption to light.[??! Furthermore, the size-dependent
interband transitions of aluminium are prominent in
this region. Therefore it is necessary to study the near-
infrared and visible absorption properties of Al-Al;Og
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nanoparticle further.

In practice, the ellipsoidal shape nanoparticles
cannot be excluded during the process of prepara-
tion of spheroidal nanoparticles due to the difficulty

s.23] Also, some

in controlling complex environment
nanometallic particles, such as aluminium particles,
are easily oxidized.'®19 The variations in shape and
size are responsible for the absorption characteristics.
In this paper, we theoretically investigate the effects of
shape and dimension on the optical absorption of Al-
Al;03 nanoparticles embedded in a transparent NC
matrix in a near-infrared and visible region by Mie
theory together with the known additional contribu-
tion of dielectric function from interband transitions
for aluminium. These results could be find their ap-
plications in laser ignition of nanoenergetic materials.

2. Theory

Mie theory[?4~26] has been widely used in describ-
ing the absorption spectra of spheroidal nanoparticles.
The important and complicated parameter in Mie the-
Metallic di-
electric function comes generally from two parts of

ory is the dielectric function of metal.

contributions: free electron intraband transitions and
electronic interband transitions.

2.1. Metallic dielectric function

The contributions of both the free electron intra-
band transition and the electronic interband transi-
tions to the dielectric function of nanometallic alu-
minium should be considered for the near-infrared and
visible optical absorptions.2?227 The free-electron di-
electric function g4 (w) is described by the Drude the-
ory as27:28]

w2

cqlw)=1—- —2—, 1

a(@) w? +iyw (1)
where wy, is the plasmon frequency and expressed as
wp = nee?/meg, with ne, e, m, and g9 being the

|

4 {(e2 — em)le2 + (61 — &) (LY — gL?)] + ges(er — €2)}

number density of conduction electrons, the electron
charge, the electronic effective mass, and the permit-
tivity of free space, respectively; w is the optical an-
gular frequency; < is the free-electron damping co-
efficient which is size-dependent and may be writ-
ten as v = a + bw + cw?, with a, b and ¢ being
the parameters.?) The interband-transition dielec-
tric function obeys the Lorentz oscillator model.[27:30]
Taneja and Ayyub?*! considered the interband transi-
tions at a single resonance frequency and the continu-
ous interband transitions were modeled by integrating
Lorentz oscillator model in order to explain the colour
change of Ag nanoparticles. The interband-transition
dielectric function er(w) is expressed as

wo
1
er(w) = pw?, / P e iylwdwl’ (2)
w1

where p is the number density of interband-transition
frequency, wp is the interband-transition plasma reso-
nance frequency, 1 is the interband-transition damp-
ing coefficient, w; is the interband-transition onset
frequency, and ws is the interband-transition upper
bound frequency. Then the metallic dielectric func-
tion e(w) is the sum of g4 (w) and er(w)

£(w) = ea(w) +er(w). (3)
2.2.Optical absorption of core-shell
nanoparticle

Mie theory is a simple and exact solution
to Maxwell’s equations relevant to the nanoparti-
cles to describe the absorption spectra of spheri-
cal particles.3! Aden and Kerker*?! and Moskovits
et all?¥ extended Mie theory to core-shell particles,
thereby allowing one to calculate absorption spectra.
In quasi-static approximation the universal polariz-
ability formula for spheroidal and ellipsoidal core-shell
nanoparticles is27]

a; = §7T016203

where €1, €9 and e, are the dielectric functions of
the core, the shell and the embedding medium, re-
spectively; g = ajasas/(cicacs) is the volume fraction

[
{le2 + (e1 — e2) (LYY — gL)lem + (e2 — em) L] + gL P ea(e1 — £2)}

; (4)

of the core occupying the core-shell nanoparticle, with
a1, az, az and c1, cg, c3 being the semi-axis lengths
in Descartes coordinate orientations of core and core-
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shell nanoparticle, respectively; L; (j=1, 2, 3) repre-
sent the shape depolarization factors in three coordi-
nate orientations; superscripts (1) and (2) represent
the core and the core-shell nanoparticle, respectively.
An important parameter for describing the optical ab-
sorption property is the mass absorption coefficient,
which is the absorption coefficient per unit mass den-
sity. For our composite film, the mass absorption co-
efficient can be expressed as

Viww] (Za) 5)

Jj=1

e 27T6m

)\mAl

where ma; is the Al mass, Vi is the volume of thin

film sample, and n is the number density of nanopar-
ticle.

2.3.Size dependence of dielectric func-
tion

Usually, the size dependence of dielectric func-
tion is assumed to be determined by the contribution
of free electron. Here, our calculations are involved
with size dependence of interband-transition onset fre-
quency wi, which stems from the small size effect and
surface effect of nanoparticle. The two effects cause
the decrease of atoms density of surface and the sur-
face atom coordination imperfection, which lead to
the contraction of lattice and thus the increase of
inner stress of nanoparticle.[?334) With nanoparticle
size reducing, inner stress increases according to the
relation p=2~v;/r, where <4 is the nanoparticle sur-

135] In-

face strain and r is the radius of nanoparticle.
creased inner stress largens the superposition of elec-
tronic wave function and narrows the energy gap. So
the interband-transition onset frequency proportional
We indicate that the

interband-transition onset frequency diminishes lin-

to the energy gap decreases.

early as the nanometallic aluminium diameter d de-
creases from 30 to 120nm by simulating the absorp-
tion spectra. The linear relationship is

hwy = 1.75 + 0.003d, (6)

where the unit of d is nanometer. The detail descrip-
tions have been given in our previous papers (unpub-
lished).

The size-dependent free electron damping co-
efficient might be a function of optical frequency,
which has been shown in our previous simulation
and in Ref.[29].
cle increases the free electron collision frequency and

Boundary scattering of nanoparti-

thus increases the free electron damping. However
such collisions might be changed by the optical field
force when light irradiates the nanometal. We pre-
viously measured the near-infrared and visible ab-
sorption spectra of NC thin film containing differ-
ent types of Al-Aly;O3 nanoparticles with diameters
of 30-110nm by using an integrating sphere absorp-
tion spectrometer.['8! Recently, we have simulated the
measured absorption spectra and derived some phys-
ical parameters, such as free-electron damping coeffi-
cient, of different sized nanometallic Al particles. To
explore the influence of the metal core size on the
optical absorption property, we obtain approximate
relationships of free-electron damping coefficient v to
metal core diameter d and incident optical wavelength
A by fitting the data calculated previously. Figure 1
plots v versus d at different wavelengths.
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Fig.1. Free-electron damping coefficient against the metal
Al-core diameter as determined by our previous simu-
lation of absorption spectra at the optical wavelength
600 (squares), 700 (circles), 800 (upward triangles), and
The solid lines are the fit-
ting to the data obtained by simulation.

900 nm (downward triangles).

The symbols represent the values of v for different
sized nanometallic Al-core diameters gained by sim-
ulating experiment data of absorption spectra. The
solid lines are the fitting curves, which obey the fol-
lowing expression

v =by(A) = ba(N)d + bs(N)d?, (7)

where b1(\), ba(\) and bs(A) are the wavelength-
dependent fitting constants. We extract some corre-
sponding data between wavelength and b1, by and bg



3508 Peng Ya-Jing et al Vol. 17

from the fitting results of Fig.1 and extrapolate out  by(\) = (3.08 4+ 0.009\ — 1.16 x 107°\?) x 103,

their relationships in Fig.2. b3(N) = (—30.3 + 0.139A — 1.14 x 10*A2) x 10, (8)
where the unit of A is nanometer. According to Eqgs.(7)
121 and (8), the free-electron damping coefficient can be
evaluated by varying the metal core size and incident
optical energy. Then, we can calculate the effects of
. size and shape by using Eqgs.(1)—(8).
g s
%
i 3. Calculation results and discus-
£ 4L sions
3.1. Effects of core and shell sizes
ol . . ) . Figure 3 clearly reflects the dependence of

L L
700 800
Wavelength /nm

1 1
600 900 nanoparticle mass absorption coefficient on nanopar-

ticle dimensions viz Al core radius and Al;O3z shell
Fig.2. Dependence of the fitting constants b1, bz and b3 thickness at different optical wavelengths. They are

on the wavelength obtained with the help of the fitting

lcul from th heroidal model, and th -
relationship in Fig.1 as explained in the text. The solid calculated fro the sphero da odel, and the to

lines are the fitting for the obtained data. tal aluminium mass is kept constant. The param-

) ) eters values in the calculation are listed as follows:
The fitting formulas are listed as follows: hwp=15.0eV,27 hwy=1.83 eV, p=0.93x 1013 D

bi(\) = (6.72 — 0.004\ — 5.57 x 107" \?) x 10'?, wp1=1.93x10° 8711 4, =7.60x10'* S~ V) £,=3.10,1!]

Af(cm?mg1)

A/(cm?-mg~1)

Core radius/nm

Fig.3. Mass absorption coefficient as a function of Al core radius and oxide shell thickness at
optical wavelengths of (a) 750, (b) 850, (c) 900, and (d) 950 nm.

*Those value are Obtained from our previous simulations of absorption spectra in other paper (unpublished)
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and £,=2.25.'81 Tt can be seen from Fig.3 that the
maximal absorption is determined by core size, shell
The Al core
should be reduced to obtain the maximal absorption

thickness and incident optical energy.

when the excited energy is lower. Exactly, metallic
core size and excited energy control the holistic ab-
sorption characteristic. Fixing the core size, an in-
crease in oxide shell thickness leads to the increase
of absorption ability, which is basically due to the in-
crease of nanoparticle dimensions (¢1, cg, ¢3) in Eq.(4).
This calculation can be used to predict the desired
dimension of nanoparticles with different absorption
abilities, or evaluate the absorption ability of given

nanoparticles.

3.2. Oxidization effect

Oxidization of nanometallic particle is a special
The oxide
shell grows at the expense of the wane of Al core.

case of changing core and shell sizes.

The change seems to be slight but non-negligible for
nanoparticles. We calculate the mass absorption co-
efficients of Al nanoparticles during oxidization as
shown in Fig.4. The values of original unoxidized Al
diameter (D) are 80 and 120 nm. The excited optical
wavelengths are 650, 750, and 900 nm, separately.

As can be seen, the mass absorption coefficient
may be changed largely with the decrease of Al core
The
variation of larger nanoparticle (D=120nm) is bigger
than that of the smaller one (D=80nm). Given that
the Al core is oxidized infinitely, the mass absorption

radius, i.e. the increase of oxidization extent.

coefficient will trend to a constant that is dependent
only on the incident optical energy and independent
Further-
more, oxidization may increase absorption as can be

of the initial dimension of nanoparticles.

seen from 120nm diameter nanoparticle at a 900 nm
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wavelength. It seems to be a counter-instinctive phe-
nomenon, which shows the oxidization of nanometallic
particle does not always hinder the optical absorption.
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Fig.4. Effect of oxidization on the mass absorption coefficient
of aluminium nanoparticles with diameters of 80 and 120 nm
at different optical wavelengths. The dotted, dashed, and solid
lines correspond to the wavelengths of 900, 750, and 650 nm,
respectively.

The same enhancement effect due to oxidization
was also derived by Ruppinl?” in far-infrared absorp-
tion. However our calculation indicates the enhance-
ment is conditional and dependent on light energy and
initial dimension of nanoparticle. In order to illustrate
the relationship among oxidization, excited energy,
and mass absorption coefficient of core-shell nanopar-
ticles in more detail, we draw the three-dimensional
morphologies of the two types of nanoparticles as
shown in Fig.5. It can be seen that the absorption
peak is slight blue-shift by comparing the case of
120 nm diameter nanoparticle with the case of 80 nm
diameter nanoparticle. The optimized oxidization ex-
tent can therefore be known to derive the maximal or
minimal absorption at the different excited energies.

Af(cm?mg1)

40
60
. 900
Org I‘QOI 20 o
7, 0 past
5, 500 Wa\,e\eﬂg I

Fig.5. Three-dimensional morphologies corresponding to Fig.4, where panels 5(a) and 5(b) show the effects of oxidation on optical
absorption at different excited wavelengths for initial unoxidized nanoaluminium diameters of 80 and 120 nm respectively and the

influence dependent on both wavelength and nanoparticle initial dimension.
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3.3. Ellipsoidal shape effect

Practically, ellipsoidal nanoparticles immingled
in nominal spheroidal nanoparticles are unavoidable.
The ellipsoidal shape effect is examined in this part.
Figure 6(a) shows the calculated effect of aspect ra-
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tio (R), i.e. the ratio of dimension along major axis
to that along the minor axis, on the mass absorption
coefficient of the Al-Al;O3 nanoparticle with an effec-
tive diameter of 62.1 nm including a shell thickness of

ni.
1000
b
(b 4250
950 F 1200
T
3
4150
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Fig.6. Panel (a) is for the absorption spectra of elongated ellipsoidal nanoparticle calculated from
expression (5) with aspect ratio R being variable and the effective diameter of core-shell nanoparticle
fixed at 62.1 nm (shell thickness is 6 nm). Panel (b) shows the maximum of the absorption peak position

Amax and the maximum of absorption peak intensity A determined from the calculated spectra shown

in panel (a) as a function of the aspect ratio R. The solid lines are the fitting curves.

We can see that the larger the aspect ratio is, the
larger the mass absorption coefficient will be, which
corresponds to the earlier result.??! The increase can
be described by square index relationship (A = 85.38—
85.83R + 42.82R?) as shown in Fig.6(b). The inter-
band absorption peak position Ay ax shifts toward long
wavelengths with squared wavelength, which is also
shown in Fig.6(b) (Amax = 884.83 — 6.26R + 9.67R?).
The red-shift of absorption peak of metal core-oxide
shell nanoparticle generally accords with that of gold
nanorods.35:1% but in latter systems the shift is linear
with wavelength. This difference might come from the
different materials or nanostructures.

4. Application in nanoenergetic

materials

Our calculations could realize their applications
in laser igniting nanoenergetic materials. According
to Fig.3, two applications could be found. One is that
one can predict the used laser ignition frequency when
the Al core and Al;O3 shell sizes are given according

to the practical demand for absorption ability. The
other is that core and shell sizes of nanoparticles could
be determined to add into energetic materials for ob-
taining different absorption properties. For example,
when the Al-core radius is about 60nm, 750nm igni-
tion wavelength is good for obtaining stronger absorp-
tion. If the main output wavelength of laser is 900nm,
then nano-Al particle with a radius of about 30nm
may be prepared as additives of energetic materials.
Sometimes the oxidization of nanometallic particles
may be favourable for laser ignition because it can
increase the optical absorption. But it should not be
oxidized unrestrainedly due to subsequent attenuation
as shown in Fig.5. The optimal oxidization point can
be found through calculation. From Fig.5, for a 80 nm
diameter metallic Al particle, a 5nm thick oxide layer
may be suitable when the excited optical wavelength
is 850 nm, and 10 nm oxide shell thickness is good for
the 120nm diameter Al particle at the same optical
wavelength. The ellipsoidal nanoadditive is more ben-
eficial for optical absorption than the spheroidal one.
It can increase the ignition sensitivity and reduce the
ignition time. The suitable relationship among aspect
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ratio, optical wavelength, and absorption intensity is
distinct from that in Fig.6(a).
culations can provide valuable information about the

Therefore these cal-

preparation and laser ignition of nanoenergetic ma-
terials. The methods are applicable to other similar
component nanoenergetic materials.

5. Conclusion

The effects of core dimension, shell thickness, and
ellipsoid aspect ratio on the absorption spectra of
nanoaluminium particles with oxide coating are inves-
tigated theoretically. Some important and valuable
results are found. Metal core size and excited optical
energy play a dominate role in determining the ab-
sorption characteristic. The aluminium core and oxide
shell sizes can be determined at different excited ener-
gies for deriving different absorption properties by cal-
culation. A counter-instinctive phenomenon is found
that the absorption ability can increase due to the
metal oxidation. But this enhancement depends on an

appropriate incident optical wavelength and a suitable
initial nanoparticle dimension as shown in Fig.4. At
a constant volume, the absorption property of ellip-
soidal nanoparticles is better than that of spheroidal
nanoparticles. It can increase the absorption ability
and reduce the ignition time of nanoenergetic mate-
rials. This predominance is more evident with the
increase of ellipsoid aspect ratio. Our calculation pro-
gram can give a good prediction for designing appro-
priate physical parameters of nanoadditives such as
the core dimension, the shell thickness, and the ellip-
soid aspect ratio. The corresponding ignition wave-
length can also be determined. These are very helpful
for practical applications in laser ignition and nanoen-

ergetic material preparation.
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