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Abstract

Zinc oxide nano-particles have been used by cosmetic industry for many years because they are extensively
used as agents to attenuate (absorb and/or scatter) the ultraviolet radiation. In the most UV-attenuating
agent is formulated in which the metal oxide nano-particles are incorporated into liquid media or polymer
media are manufactured, such as sunscreens and skin care cosmetics. In this paper we study the wavelength
dependence on the particle size (reff=10–100 nm) by solving the scattering problem of hexagonal ZnO
particle for different shapes (plate, equal ratio, column) using the discrete dipole approximation method to
find the absorption, scattering, and extinction efficiencies for the UV region (30–400 nm). A new modified
hexagonal shape is introduced to determine the scattering problem and it is assumed in this study that the
wavelength is comparable to the particle size. From these results, we conclude that the optimum particle
radius to block the UV radiation is between reff=40–80 nm.

Introduction

Zinc Oxide nano-particles have attracted much
interest because of various remarkable physical and
chemical properties distinctive from conventional
bulk materials. ZnO has a hexagonal wurtzite
structure (space groupC6mc) with lattice constants
of a=3.250 Å and c=5.207 Å, a direct band gap of
3.37 eV (368 nm) and large exciton binding energy
of 60 meV at room temperature (Dulub et al., 2002;
Meyer & Marx, 2003). Due to the radial quantum
confinement effect, ZnO nano-particles possess
high density of states at the band edge.
Scientists have proven that ultraviolet A (UVA)

radiation is a major culprit in photo-aging and
skin cancers (Fairhurst & Mitchnick, 1997).
Unfortunately, most sunscreens don’t protect
against long-wave UVA. Ultraviolet radiation that

reaches the earth and damages skin can be
divided into three key wavelengths (Fairhurst &
Mitchnick, 1997): (1) Short-wave UVA (32–
280 nm) or UVC, (2) UVB (280–320 nm), and (3)
Long-wave UVA (320–400 nm) or UVA. UVB
which primarily reaches the top-most layer of skin
is thought to be responsible for acute photo-
damage, including sunburn and some non-mela-
noma skin cancers and recently found that kind of
radiation can kill some kinds of skin cancers. UVA
rays which penetrate deep into skin, are responsi-
ble for elastic tissue damage and photo-aging, and
are thought to be important in causing more
aggressive skin cancers, including deadly melano-
mas. Inorganic UV absorbers (ZnO) have many
desirable characteristics such as a long history of
topical use, low irritancy, broad spectrum
absorption and high photo-stability. Because of
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these characteristics zinc oxide has long recognized
for its medicinal properties as an anti-irritant and
astringent as well as its UV blocking properties, in
sunscreens (Shore, 1990).
The purpose of this study is to characterize the

influence of the particle shape (hexagonal), and
size (plate, equal ratio, column) on the optical
properties (scattering, absorption, and extinction
efficiencies) for moderate size diameter (D=20–
200 nm), comparable to the optically incident
radiation that dominant particle size range in
sunscreens. The general framework for modelling
the optical response of a collection of spheres,
which make the hexagonal shape, involves a self-
consistent solution of the response of each particle
to the incident field and the scattered fields of the
other particles by adopting the ‘discrete dipole
approximation’ method (DDA method). We also
investigate the effect of particle size at the UV
region (30–400 nm). We seek to answer the fol-
lowing question: what is the effective diameter of
these hexagonal nano-particles to protect the skin
from the UVA, UVB, and UVC regions?
It is desired to have a high transparency for

visible light and to attenuate the UV radiation
effectively with lower content of zinc oxide parti-
cles, and this nano-meter size of primary single
particles must be dispersed homogeneously into
the medium. This study is a necessary and essential
first step toward realistic modelling to determine
extinction, absorption, scattering efficiencies for
hexagonal shape ZnO nano-particles of the vari-
ous sizes in the UV spectra having dimensions
comparable to the wavelength of incident
radiation.

Numerical method (DDA scattering method)

The DDA has been applied to compute scattering
and absorption by targets of size comparable to
the wavelength in a broad range of problems.

Scattering problem

To describe light scattering from an arbitrarily
shaped nano-particle, we have adopted approach
method known as the DDA, as first formulated by
Purcell and Pennypacker (Purcell & Pennypacker,
1973), is a highly efficient and flexible technique
for studying scattering and absorption of electro-
magnetic radiation in non-spherical particle shapes

(Draine, 1998). One main shortcoming of the
DDA is that it takes account of only pair dipole–
dipole interactions between particles (or point
dipoles). This is due to the special form of the zero-
point-interaction Green function included in the
general formulation of the theory (Markel et al.,
1996; Draine, 1998). In this method, the particle of
interest (hexagonal) is divided into a cubic array of
N-point dipoles with polarizabilities denoted as ai

(and no higher multipole polarizabilities), and
centres at position ri. The interaction of each
dipole with a local electric field Eloc (here we have
neglected the magnetic dipole radiation) will
induce a polarization given by (omitting frequency
factors eixt):

Pi ¼ ai � ElocðriÞ ð1Þ

Eloc, for isolated particles, is the sum of the inci-
dent field and the field, Edip, from all other dipoles
in the particle,

Eloc rið Þ ¼ Eloc;i ¼ Einc;i þ Edip;i ¼ Eoe
ik�rið Þ

�
X

j6¼i
Aij � Pj

ð2Þ

where Eo and k are the amplitude and the wave
vector of the incident wave, respectively. The
interaction matrix A has the form:

Aij � Pj ¼
eðikrijÞ

r3ij

�
k2rij �

�
rij � Pj

�
þ
�
1� ikrij

�

r2ij

�
�
r2ijPj � 3rij

�
rij � Pj

���
; ðj 6¼ iÞ ð3Þ

where k=2p/k is the wave number, k is the
wavelength of incident light, and rij=| ri ) rj | is
the vector between the ith and jth dipoles.
Substituting Eq. (2) and (3) into Eq. (1) and
rearranging terms, we generate an equation of the
form:

a�1
� �

Pi þ
X

j6¼i
Aij � Pj ¼ Einc;i orA

0 � P ¼ Einc

ð4Þ

where Aij is the matrix of coefficients in Eq. (3). In
the form of Eq. (4) P and Einc are 3N vectors and
A¢ is a 3N · 3N symmetric matrix constructed
from the 3 · 3 interparticle interaction matrices Aij

with additional terms ai
)1 along the diagonal
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(Aii=ai
)1). Solving this set of 3N complex linear

equations allows the polarization vector P to be
obtained, and consequently the optical properties
to be calculated. The complex linear Eq. (4) for the
induced polarizations were solved using DD
SCAT6.1 program written by Draine and Flatau
(Draine & Flatau, 2004a). We have modified their
code to generate hexagonal particle geometry with
different size.

Solution method (complex-conjugate gradient
method (CCG method)

Rather than direct methods for solving Eq. (4),
CCG methods for finding P iteratively have
proven to be effective and efficient (Press et al.,
1986; Peterson et al., 1991). The CCG algorithm
used to solve Eq. (4) described by Petravic
and Kuo (Petravic & Kuo-Petravic, 1979). In
brief, beginning from an initial guess Pi

(0), the
CCG method generates a sequence Pi

(n) where
(n=1,2,...) that converges monotonically for
estimate P until Eq. (4) is solved to some error
criterion. The error tolerance may be specified
as:

AþAP� AþEj j
AþEj j <h; ð5Þ

where A+ is the Hermitian conjugate of A
�
i.e.,

Aþð Þij� Aji

� ���
, and h is the error tolerance. We

typically use h=10) 5 in order to satisfy Eq. (4) to
high accuracy.
The number of iterations required to obtain an

accurate solution depends upon the grain shape,
N, the refractive index, (kreff), and the initial
starting point. In this study we fellow Flatau
(Flatau, 1997) in using the stabilized version of
Bi-Conjugate Gradients (Bi-CGSTAB) method
(Van der Vosrt, 1992) with preconditioning. For
more details about the algorithms see references
(Van der Vosrt, 1992; de Cunha & Hopkins,
1995).

Target generation (geometry or the shape
of the particle)

Each dipole may be thought of as representing the
polarizability of a particular subvolume of target
material and these dipoles are located on a peri-
odic cubic lattice.

Figure 1. Hexagonal sphere – packing of the building block of the ZnO model (plane view).
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There is some arbitrariness in the construction
of the array of point dipoles intended to represent
a solid target of specified geometry. To construct a
target of volume V in the ‘Target Frame’ (TF) we
use the following algorithm to generate the dipole
array and we restrict ourselves to cubic lattices
(Draine, 2000).

1. We assume that the target orientation is fixed
relative to a coordinate system x̂; ŷ; ẑ.

2. Let the target centroid define the origin of
coordinates.

3. Choose a trial lattice spacing d and construct a
lattice (x,y,z)=(nx,ny,nz)d+(ox,oy,oz)d, where
the ni are integers and the offset vector
(ox,oy,oz), allows the target centroid to be
located at a lattice point or between lattice
points, as appropriate.

4. Having chosen d and (ox,oy,oz), the target array
are now taken to consist of the lattice points
located within the target volume; let N be the
number of such points.

5. With these N lattice points now determined,
we make a small adjustment to the lattice
spacing and set d=(V/N)1/3 (when N is large,
the d so obtained is nearly the same as the
original trial d because each dipole represents
a volume d3 of material, we require the array
volume Nd3=V).

6. For each occupied site i where (i=1,...,N)
assign a dipole polarizability ai. It is convenient
to characterize the target size by the effective
radius:

reff �
3V

4p

� �1=3

¼ 3N

4p

� �1=3

d ð6Þ

reff is simply the radius of a sphere of equal
volume.

Beside the above steps if we want to consider three-
dimensional hexagonal shape of identical spheres
from the generator matrix for the lattice vectors
must follow these steps (Conway & Sloane, 1999):

1. The overall hexagonal shape of a particle is
defined by the positions of the dipole spheres
which have unit diameter.

2. We built the suitable lattice packing that has
the properties that (0, 0, 0) is a center and that
if there are spheres with centers u and m then
there are also spheres with centers u+m and

u) m. This set of centers forms an additive
group (in crystallography these lattices are
usually called Bravais lattices).

3. We can find three centers m1, m2, m3 (or in
general n centers m1, m2, m3, ..., mn) such that the
set of all centers consists of the sums

P
ki mi

where the ki are integers.
4. The vectors m1,. . .,mn are then called a basis for

the lattice, and the parallelotope is consisting of
the points: s1 m1+� � �+sn mnwhere (0 £ si<1).

5. Let the coordinates of the basis vectors be:

m1 ¼ m11; m12; . . . ; m1mð Þ;
m2 ¼ m21; m22; . . . ; m2mð Þ;

. . . . . .

. . . . . .
mn ¼ mn1; mn2; . . . ; mnmð Þ;

where m ‡ n. (Sometimes it is convenient to use
m>n coordinates to describe an n-dimensional
lattice.)

6. The matrix:

M ¼

m11 m12 . . . m1m
m21 m22 . . . m2m
. . . . . . . . . . . .
mn1 mn2 . . . mnm

2

664

3

775

is called a generator matrix for the lattice, and
the lattice vectors consist of all the vectors: nM,
where n=(n1,...,nn ) is an arbitrary vector with
integer components ni.

7. In our case we first generate planar hexagonal
lattice by using M as a square matrix:

M ¼ 1 0
1=2

ffiffiffi
3
p

=2

� �
;

8. Then to generate three-dimensional hexagonal
shapes in a fundamental region by extending
the planar hexagonal lattice as a building block
for the first layer to any vertex–vertex diameter
of the hexagonal face and repeated this layer
many times fills the whole space of the final
three-dimensional hexagonal particle. The
planer hexagonal building block is pictured in
Figure 1.

Dipole polarizabilities

Since DDA results depend directly upon the
dipole polarizabilities, it is important to deter-
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mine the optimal method for choosing such po-
larizabilities. Draine and Goodman (Draine &
Goodman, 1993) established the ‘lattice disper-
sion relation’ (LDR) method for prescribing the
dipole polarizabilities. They solved a closely
related problem, choosing the dipole polarizabil-
ities such that an infinite lattice of point dipoles
will propagate electromagnetic plane waves with
the same dispersion relation as a medium of
specified dielectric function e. The unique aspect
of this prescription is that it depends not only on
refractive index m but also on the direction of

propagation and the polarization state of the
incident radiation.

aLDR

¼ a 0ð Þ

1þ a 0ð Þ

d3


 �
b1þm2b2þm2b3Sð Þ kdð Þ2� 2

3

� �
i kdð Þ3

h i ;

ð7Þ

where a(0)=a(CMR) is the ‘Clausius–Mossotti
Relation’ (CMR) polarizability in the infinite
wavelength limit of the DDA, kd fi 0 (Jackson,

Figure 2. Hexagonal particle shapes (a) plate, (b) equal ratio, (c) column, (d) real plate hexagonal ZnO particle (Ref. (Klason P.
et al., Submitted)), (e) real column hexagonal ZnO particle (Ref. (Klason P. et al., Submitted)), and (f) target frame orientation
(Ref. Draine & Flatau, 2004b).
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1975), which is given as a function of the (com-
plex) refractive index m:

aðCMRÞ ¼ 3d3

4p

� �
e� 1

eþ 2

� �
¼ 3d3

4p

� �
m2 � 1

m2 þ 2

� �
;

ð8Þ

b1=)1.8915316, b2=0.1648469, b3=)1.7700004,
and S is a function of the propagation direction
and polarization of the incident wave. S is given as:

S ¼
X

i

aieið Þ2 ð9Þ

where a and e are the unit propagation and
polarization vectors, respectively.
In this ‘lattice dispersion relation’ (LDR)

approach, the radiation-reaction correction emer-
ges naturally, and the polarizability is given (to
order (kd)3). In our study we adopt this LDR
polarizability.

Validity criteria

The constraints for the validity of the DDA code
are:

1. All coordinates are defined in terms of the
distance between neighbouring dipoles d, which
is given by d=(4p/3)1/3 R (for example, if two
particles have radii 10 nm, then the distance
between the dipoles is 16.12 nm).The lattice
spacing (inter-dipole separation) d to be small
enough compared with the wavelength k of
light in the surrounding target medium,
q=kd|m|<1, where q is the wave phase shift,
k=2p /k is the wave number, k is the wave-
length in surrounding medium and m is the
complex index of refraction. However, if accu-
rate calculations of the scattering phase func-
tion are desired, a more conservative criterion
kd|m| £ 0.5 is needed.

2. d must be small enough to describe the target
particle shape satisfactorily (any structural
lengths in the target).

3. The technique is not well suited for targets
with very large complex refractive index m, it
works well for materials with |m| £ 2 and
target dimension D £ 5k. Otherwise the error
in polarization is too large in the surface
monolayer of the particle (Draine & Flatau,
1994).
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Figure 3. Complex refractive index of ZnO and real part refractive index of water versus wavelength.
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4. The typical number of dipoles needed to obtain
a reliable computational result using the DDA
code can be determined by calculating the
minimum number of dipoles needed per parti-
cle. When a particle is represented by a 3-
dimensional array of N dipoles, its volume is
Nd3, which be equal to 4p R3/3,

N ¼ 4p
3

R

d

� �3

¼ 4p
3

2pR mj j
qk

� �3

� 1039
R mj j
qk

� �3

ð10Þ

since d is related to the wave phase shift q by d=
q/(k|m|) (Xing & Hanner, 1997; Draine, 2000).

Target orientation

In the DDSCAT6.1 code, the particle orientation
specified relative to the incident wave by letting the
axes â1,â2 (with â1 � â2 ¼ 0), and â3 ¼ â1 � â2 are
the principal axes of the target. The particle ori-
entation is completely specified by the orientations
of any two nonparallel fixed axes, in particular â1
and â2 also DDSCAT6.1 code define a ‘Scattering

Frame’ (SF) which defined by unit vectors
ê1 ¼ k̂,ê2 ? ê1 and ê3 ¼ ê1 � ê2. Three angles are
required to specify the target orientation. The
orientation of â1 in the scattering frame is descri-
bed by the two angles H 2 0; p½ � defines the angle
between incident wave and target axis, and
U 2 0; 2p½ � gives the rotation of target axis around
k. A third angle b 2 [0,2p] describes rotations of
the target axis â2 around â1. Detailed information
is given in the User Guide for the Discrete Dipole
Approximation Code DDSCAT 6.1 (Draine &
Flatau, 2004b). In our study we specify b=0,
F=0, and Q=0�, 60�, 90� see Figure 2 for our
case.

Incident polarization state

The incident radiation is always assumed to pro-
pagate along the x-axis in the ‘Lab Frame’ (LF).
The DDSCAT6.1 code specifies incident polari-
zation state ê01 to be along the y-axis and conse-
quently polarization state ê02 will automatically be
taken to be along the z-axis. We choose unpolar-
ized incident light for our study.
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Figure 4. Complex refractive index of ZnO in medium versus the wavelength.
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Scattering directions

The scattering direction is specified through angles
hs and /s. The scattering angle hs is simply the
angle between the incident beam (along direction
x̂) and the scattered beam (hs=0 for forward
scattering, hs=180� for backscattering).
The scattering angle/s specifies the orientation of

the ‘scattering plane’ relative to the (x̂� ŷ) plane in
the Lab Frame. When /s=0 the scattering plane is
assumed to coincide with (x̂� ŷ) plane. When
/s=90� the scattering plane is assumed to coincide
with (x̂� ẑ) plane. Within the scattering directions
are specified by (0 � hs � 180	). In our case we
specify /s=0, 90� for hs ¼ 10	ð10	Þ180	.

Optical properties using DDA method

Optical cross-sections

DDA solves the problem of scattering and
absorption by an array of polarizable point dipoles
interacting with a monochromatic plane wave inci-

dent from infinity. Once the polarizations, Pi, are
known, the extinction Cext, absorption Cabs, and
scattering Csca cross sections may be evaluated from
the optical theorem, thus giving (VandeHulst, 1957):

Cext ¼
4pk

Eoj j2
XN

i¼1
Im E �loc;i � Pi


 �
ð11Þ

Cabs¼
4pk

Eoj j2
XN

i¼1
Im Pi � a�1i

� ��
P�i

h i
�2

3
k3Pi �P�i

� �

ð12Þ

The scattering cross section can in principle be
obtained from the difference of the extinction and
absorption cross sections:

Csca ¼ Cext � Cabs ð13Þ

When absorption is dominant, this requires that
Cext and Cabs be computed to high accuracy. Since
the method of computation is iterative, it may be
costly to obtain the solution vectors Pi to the
necessary degree of accuracy. It is possible to
compute the scattering cross section directly by
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Figure 5. Absorption efficiency factor versus wavelength for plate-like hexagonal ZnO particle with different effective radius.
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computing the power radiated by the array of
oscillating dipoles:

Csca ¼
k4

Eincj j2
Z

dX
XN

i¼1
Pi � n̂ n̂ � Pið Þ½ � exp �ikn̂ � rið Þ

�����

�����

2

ð14Þ

where n̂ is a unit vector in the direction, and dW is
the element of solid angle. And the following
quantities can be calculated after we get the optical
cross-sections:

1. Absorption efficiency factor Qabs ¼ Cabs=pr2eff.
2. Scattering efficiency factor Qsca ¼ Csca=pr2eff.
3. Extinction efficiency factor Qext ¼ Qsca þQabs.

Application to targets embedded in dielectric media

For many applications of interest the target body
is embedded in a (non-absorbing) dielectric med-
ium with (real) dielectric function etargetðxÞ, or

(real) refractive index mtargetðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
etarget
p

. DDA is
fully applicable to these scattering problems,
except that:

1. The dielectric function or refractive index
supplied to DDA should be the relative dielec-
tric function:

eðxÞ¼ etargetðxÞ
emediumðxÞ

or relative refractive index:

mðxÞ¼ mtargetðxÞ
mmediumðxÞ

: ð15Þ

2. The wavelength k specified in DDA should be
the wavelength in the medium:

k ¼ kvac
mmedium

; ð16Þ

where kvac ¼ 2pc=x is the wavelength in vacuo.

The absorption, scattering and extinction effi-
ciency factors calculated by DDA will then be
equal to the physical cross sections for absorption,
scattering, and extinction divided by p r2eff (e.g., the
attenuation coefficient for radiation propagating
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Figure 6. Scattering efficiency factor versus wavelength for plate-like hexagonal ZnO particle with different effective radius.
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through a medium with a density nt of scatterers
will be just a ¼ ntQextpr2eff).

Relative refractive index of ZnO in UV region

The refractive index is important parameter which
governs the intensity of scattered light. The
parameter here is the relative refractive index,
which is the ratio between the refractive index of
the particles (ZnO) and that to the matrix, such as
the oil phase (in our study we take it water for
simplicity).

Simulating the refractive index data of the
Zinc oxide
Due to the lack of real optical measurements to
ZnO nano-particles in the UV region, we simu-
late the data for real and imaginary parts of
refractive index by adopting the works by Dak-
hel (Dakhel, 2003) as approximate data. Dakhel
calculate the spectral extinction coefficient k(k)
of the Zinc oxide film of thickness (173 nm) in
the fundamental absorption band gap by utiliz-

ing two equations. The first is Fresnel equation
(Borns & Wolf, 1980; Heavens, 1991; Dakhel,
2001), and the second is Swanepoel equation
(Swanepoel, 1983) for transmittance T(k) at
strong absorption coefficient a. The curve of k(k)
is obtained from the best-fit with the numerical
solution points of the above mentioned two
equations by introducing the experimental T(k)
values (This method is referred to as the
T-method). The extinction coefficient as a func-
tion of energy k(E) in the interband region that
calculated by T-method can be fitted to the four
parameters Forouhi–Bloomer (FB) equation
(Forouhi & Bloomer, 1991):

k Eð Þ ¼ A
E� EFBð Þ2

E 2 � B � Eþ C
forE > EFB ð17Þ

whereEFB (eV) ¼ 2:9, A ¼ 0:49, B (eV) ¼ 7:21,
C (eV)2 ¼ 13:2, Eg (eV) ¼ 3:28, Em (eV) ¼ 3:51 (is
the energy value at which n has its maximum
value).
This model works very well in the short-wave-

length side of each curve, where the interband
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Figure 7. Extinction efficiency factor versus wavelength for plate-like hexagonal ZnO particle with different effective radius.
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transitions dominate the spectrum. The above fit-
ting parameters can determine the spectral values
of refractive index n(E) according to ‘Kramers–
Kronig’ (KK) relation (Forouhi & Bloomer, 1991;
Kim, 1996):

n Eð Þ ¼ n1 þ
BpEþ Cp

E2 � B � Eþ C
ð18Þ

where Bp and Cp are parameters given by:

BP ¼
A

B

� �
2C� B2 þ 2EFBB� 2E2

FB

� �

CP ¼
A

D

� �
B Cþ E2

FB

� �
� 4EFBC


 �

D ¼ 4C� B2
� �1

2

where n¥(k)=1.68 (is a matching parameter whose
value is chosen to appropriate the ellipsometric
value of n at 632.8 nm wavelength). Figure 3
shows the real and imaginary parts of refractive

index of ZnO versus the wavelength in vacuo for
UV region according to Eqs. (17) and (18).

The real refractive index data of the dielectric
medium (water)
We adopt Segelstein (Segelstein, 1981) data for the
real refractive index data of water in the UV region
and put it in interpolation program to get all the
values wanted for our calculation. Figure 3 shows
the water real part of refractive index.

Relative refractive index
We calculate the relative complex refractive index
(the ratio of refractive index of the ZnO nano-
particles to water real refractive index) using Eq.
(15). Now the only data needed to calculate is the
wavelength in the medium and we get it by
applying the Eq. (16). With this step we get the
data needed to run the code DDSCAT6.1 for our
study on optical properties of ZnO nano-particles.
Figure 4 shows the relative ZnO complex refrac-
tive index versus the wavelength in the medium.
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Figure 8. Absorption efficiency factor versus wavelength for equal ratio hexagonal ZnO particle with different effective radius.
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Results

We start by analyzing the optical properties of
individual ZnO hexagonal particles of a given
shapes (plate, equal ratio, column) and different
sizes by means of DDA method described in the
section Numerical method (DDA scattering
method). The analysis of mono-disperse particles
helps to examine the relative importance of dif-
ferent shapes as a function of size and wavelength.
In addition, some particle size distributions might
be rather narrow. In this case, optical properties
calculated for a specific particle size well approxi-
mate those of polydisperse particles with a narrow
size distribution.
The applicability and accuracy of the DDA was

estimated by comparing the DDA solutions with
those from the Mie theory for a compact sphere
with the same total dipole moment (Draine &
Goodman, 1993; Draine & Flatau, 1994). Draine
and Flatau concluded that the extinction and
scattering sections can be computed to accuracies
of a few percent provided that jmjkd<0:5 and
N > 105 are used. In this study the shape of the

hexagonal particles is characterized by the aspect
ratio defined by (A/B) where A denotes the length
and B denotes the width of the hexagonal particle
as sketched in Figure 2. Three different particle
shapes are considered in this study: hexagonal
plates with aspect ratio (0.49), hexagonal particles
with aspect ratio (1.000), and hexagonal columns
with aspect ratio (1.5098). The selection of aspect
ratios in this study is done to represent nature
reasonably well (see Figure 2d,e for real picture of
ZnO hexagonal nano-particles taken from refer-
ence (Klason P. et al., Submitted)). The values
of the size range reff=10 nm(10 nm)100 nm for
all the three hexagonal particle shapes. Also we
emphasis our study to the behaviour of the
wavelength dependence of extinction, absorption,
and scattering efficiencies for the three ranges
in UV region [UVC: k=30 nm (10 nm)280 nm,
UVB: k=280 nm(5 nm)320 nm, and UVA:
k=320 nm(10 nm)400 nm].
In order to model the most continuous surface

of the particle as possible we chose to set the dis-
tance between dipoles to the smallest value
between d=0.03 nm and 0.0014 nm depending on
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Figure 9. Scattering efficiency factor versus wavelength for equal ratio hexagonal ZnO particle with different effective radius.
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the effective radius of the particle. Consequently,
the number of dipoles on the surface is large; this
high density helps to remove the effect of artificial
granularity due to the DDA approximation in the
density function. The interdipole spacing d, used in
performing the DDA calculations, should verify
the criterion:d=kmetal � 10�4.

Hexagonal plate-like

In this section, the plate-like hexagonal particle
with aspect ratio=0.491–0.52 for (2-D) orienta-
tion [assumed the hexagonal particle are oriented
randomly on a horizontal plane, i.e., with their
major axis in the horizontal plane]. The a1 and a2
axis are fixed in the target frame. The longest
dimension of the particle is taken to be parallel to
the horizontal plane, the a2 axis lies in the hori-
zontal plane and the a1 axis is taken to be parallel
to the propagation direction of the incident radi-
ation (Figure 2a). Two different numbers of
dipoles are considered here (N=6097 and 48,775),

where N-face=469 and N-layer=13 for the first
N, N-face=1951 N-layer=25 for the second N.

Absorption, scattering, and extinction efficiencies
Figures 5, 6, and 7 show the absorption, scatter-
ing, and extinction efficiency factors versus wave-
lengths for single hexagonal nano-particle,
respectively. Figure 5 exhibits two broad peaks,
the first one have maximum at k=30 nm with high
intensity for the reff=10 nm and the second peak
have maximum at k=250 nm with less intensity
and much broader than the first. The value of
absorption efficiency for the range from
k=130 nm to k=250 nm approximately constant,
and the value of Qabs after the second peak
reduced to minimum. With increasing the effective
radius of the particle (increasing the size) the shape
of the first peak will get much broader with low
intensity and shifted toward long wavelengths, and
for the second peak will be less broadening with
increasing the intensity until we get the maximum
at reff=40 nm and this peak get low reduction in
intensity and a shift of the peak toward long

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

1

2

3

4

5

6

λ(µm)

Q
ex

t

a
eff

=10nm
a

eff
=20nm

a
eff

=30nm
a

eff
=40nm

a
eff

=50nm
a

eff
=60nm

a
eff

=70nm
a

eff
=80nm

a
eff

=90nm
a

eff
=100nm

Figure 10. Extinction efficiency factor versus wavelength for equal ratio hexagonal ZnO particle with different effective radius.
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wavelengths, with rapid reduction in intensity
toward minimum for all particle sizes.
In Figure 6 exhibit two small broad peaks for

reff=10 nm, the first have maximum at k=30 nm
with rapid reduction to the minimum values for
Qsca and continue with approximate constant value
with increasing the wavelengths. By increasing the
size of the particle the first peak will shifted toward
the long wavelengths and continue with broad
reduction in intensity to reach a constant value
until the second broad peak appear, the intensity
get increased, the broadening reduced and maxi-
mum value shifted toward long wavelengths.
Figure 7 exhibit two peaks for reff=10 nm, the

first peak have maximum value at k=30 nm with
rapid reduction in intensity to reach approxi-
mately constant value until the second broad
small peak reached, which have maximum at
k=290 nm and continue to reduce in intensity
after the second peak to reach the minimum
value at k=400 nm. By increasing the particle
size, the first peak get more broadening and
shifted toward long wavelengths and continue to
reduced after the first peak to reach approximate

constant value and this value increased with
increasing the particle size. The second peak
intensity get increased with reduction in the
broadening and shifted toward long wavelengths
by increasing the particle size.

Hexagonal particle with equal ratio

The equal lengths hexagonal particle with aspect
ratio=1.000 is investigated. Two different numbers
of dipoles are considered here [N=11,725 with (N-
face=469 and N-layer=25) and N=99,501 with
(N-face=1951 andN-layer=51)]. The a2 axis lies in
the horizontal plane and the a1 axis is taken to be
parallel to the propagation direction of the incident
radiation (Figure 2b).

Absorption, scattering, and extinction efficiencies
Figures (8, 9, and 10) show the absorption, scat-
tering, and extinction efficiency factors versus
wavelengths for single hexagonal nano-particle,
respectively.
The behaviours of the efficiencies are just like in

the plate-like hexagonal particle except for the
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Figure 11. Absorption efficiency factor versus wavelength for column hexagonal ZnO particle with different effective radius.
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intensity of these efficiencies and the maximum
values of the shifted two peaks.

Hexagonal column

The hexagonal column with aspect ratio=1.509–
1.56 is considered. The propagation direction of
the incident wave is taken to be parallel to the axis
a2 and the axis a1 always lies in a horizontal plane
(Figure 2c). Two different numbers of dipoles are
considered here [N=18,291 with (N-face=469 and
N-layer=39) and N=150,227 with (N-face=1951
and N-layer=77)].

Absorption, scattering, and extinction efficiencies
Figures 11, 12, and 13 show the absorption, scat-
tering, and extinction efficiency factors versus
wavelengths for single hexagonal nano-particle,
respectively.
The behaviours of the efficiencies are just like in

the plate-like hexagonal particle except for the
intensity of these efficiencies and the maximum
values of the shifted two peaks.

Discussion

The location and the intensity of the first and
second peaks in the Figures 5–13, which shifted
are dependent on the wavelength and particle
size. To explain this case, the first peak in the
UVC region arises from the dipole excitations
and the relation between the polarizability and
dielectric function to extract e (x) (Wood &
Ashcroft, 1982) and the second peak in the UVA
associated with the band gap at (380 nm) for the
bulk ZnO and this peak is shifted to the shorter
wavelengths as the particle size decreased because
the wavelength dependence of the absorption
cross section seems to depend on the mean opti-
cal thickness of the hexagonal nano-particle
which is function of the N and k (Kozasa et al.,
1992).
The comparisons between absorption and

scattering efficiency factors for ZnO particles for
three hexagonal shapes with same effective radius
are shown in Figures 14 and 15), the results for
effective radius=40 and 80 nm. For each size,
both figures display two bands of similar posi-
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Figure 12. Scattering efficiency factor versus wavelength for column hexagonal ZnO particle with different effective radius.
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tion, intensity and shape for the plate and equal
lengths hexagonal particles with small difference
between the values for the column shape. The
similarity between the plate and equal lengths
hexagonal particles came from aspect ratio
assumed for the plate (0.49), this value get less
effective with decreasing the effective radius as
we can see from the curves of effective radius
40 nm, we found it much similar and have the
same values in most regions than the curves of
80 nm. And the difference in intensity between
the plate and column hexagonal particles arises
obviously from the difference of the target frame
axes a1 and a2 of the plate and column hexag-
onal ZnO particle and of course from the dif-
ferent in shape of plate and column.
When the particle size increases, its shape

being kept constant, the only increase the peak
intensity, which, in this case, is proportional to
the hexagonal volume. Conversely, DDA appears
in agreement with the expected physical behav-
iour by predicting a broadening and a shift of
the peaks in addition to the intensity increase.
The DDA method takes into account the

multipolar interactions and retardation affects,
therefore, the DDA method, which was found to
be in good agreement for ZnO hexagonal parti-
cles and appears as the easiest satisfactory
method for our purpose.

Conclusion

In this work, we have developed a model, based
upon light scattering by single particle, which
enables us to account satisfactorily for the
absorption, scattering, and extinction spectra of
hexagonal ZnO particles.
The method used to obtain the hexagonal

shape differs from those given up in DDA shape
for hexagonal prism and presents some advan-
tages in provides the size and shape of the
hexagonal particles and give good results of
optical properties.
We performed the simulations over a three

shapes of ZnO hexagonal particles and we
obtained absorption, scattering, and extinction
spectra which always lead to hexagonal aggregate
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distributions very similar in shape and size to the
real hexagonal ZnO particles. Besides, the absor
ption, scattering, and extinction efficiency spectra
of the various targets are quite different from each
other; they generally display two narrow bands
which maxima are located at different wavelengths
for each target.
From the scattering figures, we see the scattering

intensity is proportional to the particle diameter.
Therefore, it is important to use effective particle
radius of ZnO for obtaining minimum scattering
and maximum absorption for certain region from
the UV regions. Where the band gap absorption
(The mechanism of UV absorption in ZnO
involves the use of photon energy to excite elec-
trons from the valence band to the conduction
band and ZnO have band gap for the corre-
sponding wavelength 380 nm and the light below
these wavelengths has sufficient energy to excite
electrons, and hence is absorbed by ZnO particles)
is primarily a function of the number of atoms in
the path of the UV light. Therefore, we found a

high improvement in the UV absorption with
decreasing particle size.
Finally, the obtained results indicate the main

features of the hexagonal particles effect for both
the shape and the intensity of the peaks. Any-
how, the results suggest, that hexagonal ZnO
particles that display a strong extinction band
greatly shifted toward long wavelengths are
mainly constituted of spheres small compared
with the wavelength. It can then be concluded
that the efficiency spectra of the molecules pro-
ducing the hexagonal particle arise from the
excitation of the surface plasmon resonances of
these small spherical dipoles.
The next step in such simulations would be to

study the optical properties in the visible region
and compare these studies with the experimental
data of ZnO particles; experiments performed at
several scattering angles would bring different
band profiles and might confirm the present study.
Also we must investigate the influence of the sur-
face roughness in the model.
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