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Zn nano rods were produced on glass substrates using oblique angle deposition method at different deposition angles.
For oxidation, the samples were placed in a furnace under oxygen flux. AFM and FESEM images were used to morphology
analysis of the structures. The results showed that with increasing the angle of deposition, the grain size decreases and the
porosity of the structures increases. XRD pattern and XPS depth profile analysis were used to crystallography and oxide
thickness investigations, respectively. The XRD results confirmed oxide phase formation, and the XPS results analyzed
the oxide layer thickness. The result showed that as the deposition angle of the nanorods increases, the thickness of the
oxide layer increases. The reason for the increase in the thickness of the oxide layer with increasing deposition angle
was investigated and attributed to the increase in the porosity of the thin films. The optical spectra of the structures for p
polarized light at 10° incident light angle were obtained using single beam spectrophotometer in the 300 nm to 1000 nm
wavelengths. The results showed that the formed structures although annealed in oxygen flux, tend to behave like metal.
To calculate the optical constant of the structures, the reverse homogenization theory was used and the void fraction and
complex refractive index of the structures were obtained. Finally, by calculating permittivity and optical conductivity of the
structures, their changes with the deposition angle were investigated.

Keywords: nano rod, optical spectra, refractive index, reverses homogenization

PACS: 78.67.Qa, 78.20.Ci, 74.25.Gz

1. Introduction

In the nano scale, the properties of nanostructures are
highly dependent on the shape and size of nanostructures. On
the other word, by preparing nanostructures from the same ma-
terial but with different shapes and sizes, different behaviors
can be observed.!'=71 So, by thin films engineering, properties
of materials can be controlled for specific applications.

Glancing angle deposition and oblique angle deposition
(OAD) are two methods of preparing nanostructures with dif-
ferent shapes, geometries and dimensions. By controlling the
shape, dimensions and porosity of the film, the optical prop-
erties such as transmission, reflection, absorption, refractive
inde, etc., can be controlled.[8-12]

Nano rods are widely used in biomedical,[!3! photovoltaic
devices,[' nano electronics,['>171 field emitter,!!311 nano
optics,?%! crystal photonics,”!! and gas sensors.[??! Study
of physical and chemical properties of nano rods to under-
stand the advantages and limitations of this most widely used
material is very attractive, which is why in recent years re-
searchers have extensively studied their optical and electrical
properties. [23-2]

There are several methods for nano rods preparation, the
most common of which is the physical vapor deposition at
oblique angle (oblique angle deposition deposition).!'3-2% The
advantage of physical deposition method over chemical meth-
ods is the high purity of the obtained films and the control-

*Project supported by the University of Mohaghegh Ardabili.
fCorresponding author. E-mail: F.Abdi @uma.ac.ir
© 2021 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/abf4ba

lability of the size and shape of the nano rods by controlling
the deposition parameters such as deposition rate, deposition
angle, substrate seeds, substrate temperature and so on.

In oblique angle deposition method, nano rods create
shadow areas around them, the length of which depends on
the orientation of the nano rod. The angle of the nano rods
(B) relative to the line perpendicular to the surface, calculated

from the tangent and tait relations?”!
tanf =1/2tan 6, 6 < 60°, (1
B=6—sin"'(1—-cosh)/2, 6>60° )

in these relations 6 is deposition angle of nano rods. So, due
to the shadowing effect, some areas are protected from flux
landing. The larger the angle of the nano rods, the greater the
shadow effect and the more areas of flux landing are protected.
Thus, with deposition angle increasing the porosity of the films
increase and the density of the nano rods decrease. Therefore,
nano rods are anisotropic structures whose properties can be
controlled by controlling the deposition condition.

So far, various metal nanorods such as silver,!
gold,135-37] m, 38401 copper, 141431
titanium, [+ manganese, [40] nickel, 147!

28-34]

magnesium[44!
cobalt, 48]
cadmium,**! silicon,P” germanium,! and metal oxides

aluminu

such as titanium oxide,®?! cadmium oxide, %3 calcium ox-
ide, Sn0, % Y,03,1531 Si0,,1%% zinc oxide!>-%3! have been
formed with different deposition conditions and their optical
and electrical properties have been investigated. Studying the
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structure that is a combination of two types of materials can
be more interesting, which is discussed in this work.

Due to the fact that nano rods are inhomogeneous and
anisotropic structures, their optical properties depend on the
incident light angle. By obtaining the experimental optical
spectrum at a specific incident light angle and by fitting the ex-
perimental transmission and reflection spectrum obtained with
the homogenization theory, the porosity percentage and refrac-
tive index of the structures can be calculate. On the other word
the reverse homogenization method is a suitable method for
studying the optical properties of anisotropic and inhomoge-
neous structures such as sculptured thin film, which also gives
the void fraction of the structure. In this work, using this the-
ory, the optical constants such as refractive index and perme-
ability of annealed Zn nano rods in oxygen flux are calculated
and the effect of deposition angle on these properties is inves-
tigated. Also, void fraction of the structures is obtained.

2. Experiment

To begin with, the glass substrates were cleaned in ace-
tone and then alcohol in the ultrasonic bath, and pasted to the
substrate holder using vacuum adhesive. Oblique angle depo-
sition method was performed, at room temperature, base pres-
sure of 2 x 10~ torr, using electron beam technique at differ-
ent deposition angles of 0°, 30°, 45°, and 60°. For all deposi-
tion angles, 100 nm thin films (with 2 A/s deposition rate) were
produced. The produced nano rod structures were annealed in
250 sccm of oxygen flux at 340 °C for 2 h. The samples were
cooled in the presence of oxygen gas for six hours, to bring the
samples temperature to the room temperature.

The crystal structure of the samples was investigated us-
ing x-ray diffraction pattern (Cu K radiation; 40 kV, 30 mA)
with a step size of 0.02° and count time of 1 s/step and the
oxide thickness of the thin films was investigated with XPS
depth profile. The surface morphology and roughness were in-
vestigated by means of AFM (Auto Probe Pc, Park Scientific
Instrumen, USA; in non-contact mode, with low stress silicon
nitride tip of less than 200 A radius and tip opening of 18°)
and FESEM (Hitachi S-4100 SEM, Japan) images.

Because nano rods are inhomogeneous and anisotropic
structures, the optical spectrum of the structure, including the
transmission and reflection spectrums, were obtained using
spectrophotometer for p polarized light at 10° incident light
angle. Using reverse homogenization theory and fitting be-
tween experimental and theoretical result, the complex refrac-
tive index of structures (N = n+ ik) and void fraction of the
structures at different deposition angles were obtained. Using
these refractive indexes, the permeability of the structures as
well as the optical conductivity of the structures was calculated
and their changes with deposition angle were investigated.

Due to the importance of homogenization theory in study-
ing the optical properties of sculptured thin films, it is summa-
rized below.

3. Homogenization theory

Because the thin films obtained from the oblique an-
gle and glancing angle depositions are inhomogeneous and
anisotropic structures, the study of the theory of optical prop-
erties of these nanostructures is different from ordinary thin
films and is done by the homogenization theory. Due to the
importance of the homogenization process in the optical prop-
erty’s investigation of these films, and for avoiding from re-
working, a summary of this theory is presented and more de-
tails are mentioned in our previous work. ]

Because of the porosity nature of the thin films obtained
from glancing angle and oblique angle deposition, these lay-
ers considered as a combination of two phases of matter and
empty space. The volume fraction of the material phase (fs)
and the volume fraction of porosity (fy) are related by the fol-
lowing relation:

=1 3)

Empty space and matter space are considered as a string of
elongated ellipse. Each ellipse in Cartesian coordinates is

given by the following equation:

2 2
NOROEE

A schematic of this ellipse is shown in Fig. 1. 5 and 73 are fac-
tors of relative width and relative slim dimension. In general,
both consecutive cuts in these structures are the same, with
the only difference being a slight rotation of S(z). The pur-
pose of the homogenization process is the estimate of Eef(®)
(local permittivity) which is a diagonal matrix obtained by di-
agonalizing the non-diagonal matrix €(®), and shown by the
following equation:

g 0 0
Eef(@)=1 0 & 0 |. 5)
0 0 &

In other words, these porous thin films are considered to be a
set of very thin layers that are arranged on top of each other
in the z direction. By homogenization process, each very thin
layer is considered as a homogeneous layer that the permittiv-
ity of which is a diagonal matrix. There are different methods
for homogenization and &.r(®) calculating, but Brugman’s
homogenization method is remarkable for its simplicity. In
this method, the following equation is solved:

FA A+ (1—f)A =0. (6)
[A] is the polarity matrix, which is defined as follows:
A, =e(ed—g Il +ioad (evl—ee)] . (D)

In this relation, / is unit matrix, &y is the permittivity of free
space, and [D] is the matrix which is given by the following
relation:
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2 . .
. cos @ sin 6 sin
(sin 8 cos W) uy ey, + <7’W> Uzltz + (wll/> Uyldy

3 %

2 2n r0=m/2 )
D = sin @ x
=SV 1TWE Jy=0J6=0

In this equation, 6 and y are polar and lateral angles, respec-
tively.

Using rotation dyadics, the permittivity of the next layers
is obtained with the following relation:

&(z,0) = 5(2)€rers” (2). 9)

S(z) = Sy(z) shows the rotation around the y axis (oblique an-
gle deposition) and S(z) = S;(z) shows the rotation around z
axes (chiral sculptured thin films)

S (z) = uyuy + (tytty + uzuz) cos 7(z)

(g1t — ucu;) sin7(z), (10)
§z (z) = uzuz + (uxux +uyuy) cos £(2)
+(uytty — uxtty) sin £ (z). (11)

By considering electric and magnetic fields in the material
phase as follows:

D(r.0) = & |£(z W)E(r,0) + a(z 0)H(r)] . (12)

B(r) = o [B(z, @)E(0) + p(z, 0)H(r)] . (13)

Here, €, p, a and B introduces the dielectric, magnetic and
magneto electric properties, respectively. These equations can
be related to the ge¢(®) with a suitable rotation operator

D(1,0) = &S(2) g, (@)S"(2)E(r 0)

+a, (@S H(r0)|, (14)
B(r0) = wos(z) [B_(@)S'Q)E(rw)
1 (@)S"(@H(rw)]. (15)
Electric and magnetic fields can be written as follows:
E(r,0) = e(z,k, v, ®)exp[ik(xcosy +ysiny)],  (16)
H(r,0) = h(z,k, ¥, ) exp[ik(xcos y +ysiny)].  (17)

In these equations, k is the wave vector, 0 specifies the inci-
dent light angle (with respect to z axis) and y indicates the

0\ 2 nOsi
(sinecosw)28b+<cos ) £a+<s1n smw) &

®)

,y;,v ,yzs,v

direction of the incident light (with respect to x axis). One can

show the wave vector of light as follows:
k = kosin(9). (18)

Considering the incident electric and magnetic fields with am-
plitude a as follows:

einc(2) = (ass +app+ ) exp(ikozcos 6), z <0,

Bine (2) = 4/ %(asm — aps)exp(ikozcos 0), (19)

where s and p are vertical and parallel components, respec-
tively. The unit vectors of s and p are defined as

§ = —UySIn Y +uy cos y,

P+ = F(uycos W+ uysiny) cos 6 + u,sin 6. (20)

Considering a thin film of thickness L, the transmission and re-
flection components of the electric (e and err) and magnetic
(hya and her) fields can also be written as follows:

eref(z) = (rss+rpp—) exp(—ikozcos ), z <0,

[& .
heet(z) = u—(())(rsp_ —rps)exp(—ikozcos 6),

ewa(z) = (tss+1pp4) exp(ik(oz—L)cosB), z>0,

hia(2) = 4/ % (tsp+ —tps)exp(iko(z—L)cosB).  (22)

2y

By solving the Maxwell equations, the following equation is
obtained that the field components on both sides of the thin
film are connected together by a transfer matrix:

tg as
¢ | = EOW] T MLEy.olkeo.v)] || e3)
0 "

In the above relation, M the transfer matrix and the k matrix,
which include the angles of incidence of light, are as follows:

—siny —cosycos —siny cosycos
cosy —sinycos O cosy sinycos 0
k(6,y) = —,/ZO—OCOSI//COSQ 1/%sinl// 1/%cosl]/cos@ 1/%Siny/ ) 24
f,/%sinllfcose f,/%cosl// ,/%sinulcos@ 71/%Cosl[/
[M (L, k, g, 0)] = exp{ip(k, v, 0)L}, (25)
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0 0 0 Lo
_ 0 0 —Ho O
pky,0) = ® 0 —goec(®@) 0 0
£€q(w) 0 0 0
&(w)e (o
(foaelBlO) ) (e0) - (o) cosy 000
Tk & (o) cos? Y+ & ()sin” y Sin W cos siny 0 0 0
&(0)ep (o) Veoswil o 0 o 0
0 O —siny cosy
( &(0)& (o) ) 0 0 cosysiny —cos’y
+ﬁ €a() cos? y + &,(w) sin® y 00 —siny —cosysiny
ey &(w)e (o) 00 0 0
00 0 0
0 0 0
K2 0 0 0
wey | —cosysiny —cos? y 0 (26)
—sin’y 0 cosysiny 0

With the help of computational software, the above matrix can
be solved to obtain the transmission and reflection spectra of
oblique angle deposition layers (nano rods structures). 64

4. Result
4.1. FESEM and AFM results

Figures 2(a)-2(d) show the FESEM images of nano rods
formed at different deposition angles of 0°, 30°, 45°, and
60°, respectively. It is clear from the figure that the formed
structures have a hexagonal cross section. It is also obvious
from the figure that the nano rods formed at 0° deposition are
denser structures adhered to each other with the least porosity.
As the deposition angle increases, the porosity of the struc-
tures increases due to the increasing of shadowing effect. Fig-
ure 1(d) shows that the nano rod thin film formed at a 60°
deposition angle has the highest porosity percentage. Because
with increasing the angle of deposition, the angle of the nano
rods (relative to the surface) increases,?’! so the length of the
shadow increase. In other word, with increasing deposition
angle (with respect to z axes (z axes is perpendicular to the
substrate)), according to Tate and tangent law, the angle of
nano rods (with respect to z axes) increase, so, nano rods shad-
ing on the substrate increases and these regions are protected
from flux landing. Therefore, the percentage of porosity of the
films increases. The nano rods angles (with respect to the line
perpendicular to the surface) were calculated from the tangent
law.[*’] These angles for the nano rods deposited at different
angles of 0°, 30°, 40°, and 60°, were obtained 0°, 16°, 28°, and

40.9°, respectively. These results are given in the first column
of Table 1. The porosity of thin films deposited at different
angles will be calculated using homogenization theory, which
will be explained in the optical results section.

,Y‘
—> 2| <
[

1

%He

Fig. 1. Schematic of ellipses in homogenization theory.

Figures 3(a)-3(d) show AFM images (two-dimensional
and three-dimensional image) of nano rod structures formed
at different deposition angles of 0°, 30°, 40°, and 60° respec-
tively. Figure 3(a), which shows the surface of the sample
formed at the deposition angle of 0°, shows that it has the
largest grains due to less shadowing effect. Figures 3(b)-3(d)
show that the grain size decreases with increasing deposition
angl, due to the increase in the shadowing effect and porosity.
The average grain size (D), surface roughness (R) and devia-
tion from this mean (RMS) which was calculated using Nova
software are shown in Table 1.

Table 1. Experimental details of ZnO nano rod analysis.

Oxide layer thickness (nm) RMS (nm) R (nm) D (nm) Thin film porosity (%) Nano rod angle Deposition angle
33 23 22 96 0 0° 0°
35 16 15 84 15 16° 30°
40 22 20 58 28 26° 45°
45 20 18 29 40 40.9° 60°
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(a) 100.5 nm

100.5 nm

1 pm

Fig. 2. AFM images of nano rods produced at different deposition angles of
(a) 0°, (b) 30°, (c) 45° and (d) 60°.

Fig. 3. FESEM images of nano rods produced at different deposition angles
of (a) 0°, (b) 30°, (c) 45° and (d) 60°.

4.2. XRD results

Figures 4(a)-4(d) show the XRD pattern of ZnO nano
rods formed at different deposition angle. It is clear from
the figure that the spectrum of all samples has 8 diffraction
peaks. The peaks at the diffraction angles of 26 = 38.99°,
20 = 43.22°, 20 = 54.32°, and 20 = 70.63° indicate the
growth of the Zn (100), Zn (101), Zn (102), and Zn (110)

phases, respectively (Standard Card No. C0087-713) and the
existing peaks at 20 = 31.85°, 20 = 34.55°, 20 = 36.35°, and
260 = 77.22° diffraction angles represent the ZnO (100), ZnO
(102), ZnO (101), and Zno (202) phases, respectively (Stan-
dard Card No. C00-079-0205).

—~ 4000 —_— = =
b [ (a) g8 3 3 S

i N Z%, Z =)

Z  3000F 2 g & S S

o) [ e}

] - 8§

Z - ge s
£ 1000fF <o Q
+- N N
E A

[0] - g
20 30 40 50 60 70 80

—~ 4000

=

g

= 3000 )

2 =

) o

=~ 2000 & _
z 3 3
= S o
2 1000 o o
() o o
'E' N N

Intensity (arb. units)

Intensity (arb. units)

0 il i AuL-J....u‘ul.n vl A Yy
20 30 40 50 60 70 80
20 (°)
Fig. 4. XRD spectrum of nano rods produced at different deposition angles
of (a) 0°, (b) 30°, (c) 45° and (d) 60°.

It is clear from the figures that with increasing the depo-
sition angle, the intensity of all phases of zinc and zinc ox-
ide decreases so that all phases have the lowest intensity in
the deposition angle of 60° and even some of the oxide phase
diffraction peaks disappeared in this deposition. This is due
to the smaller grain size due to the reduction of the diffusion
phenomenon due to the increase of the shadowing effect.

4.3. XPS depth profile results

The XPS results of nano rods formed at different deposi-
tion angles of 0°, 30°, 45°, and 60° are shown in Figs. 5(a)—
5(d), respectively. These figures show that by forming a zinc
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nano rod and oxidizing it in the oxygen flux, the whole nano
rod is not oxidized. These results showed that only a thin layer
of oxide is formed on the surface of the nano rods. To calcu-
late the approximate thickness of the oxide layer, a distance
from the surface of the nano rod was considered that the oxide
intensity reached half of its maximum value. Using these cal-
culation, the oxide layer thickness for Zn nano rods deposited
at different deposition angles of 0°, 30°, 45°, and 60°, and an-
nealed at oxygen flux was obtained as 33 nm, 35 nm, 40 nm,
and 45 nm, respectively. These results are given in the last
column of Table 1.

X 100 100

e (a)

° L Zn 80 Zn
e 80\ --.0 0
ERECU 60

]

;_:) \

g 40t \ 40

(9]

2

g

(e}

9

br

n
R
20+ AN 20F S
1 N S
0 1 I| \\“—_l OL 1 :I 1 S ==
0 20 40 60 80 100 0 20 40 60 80 100
£ 100 100
b () .
- — 1
g 80 z 80
s
£ 60F 60
Q
2 a0 40
9] - F
© |
2 200 ! 20
g |
+ O ! O 1 L 1 1 -
< 20 40 60 80 100

1 Il 1 1
0 20 40 60 80 100 0

Distance from surface (nm) Distance from surface (nm)

Fig. 5. XPS depth profile of nano rods produced at different deposition angles
of (a) 0°, (b) 30°, (c) 45° and (d) 60°.

As the results show, with increasing deposition angle, the
thickness of the oxide layer increase. The reason for this in-
crease is the increase in porosity and the increase in the cross
section of the oxygen gas collision with increasing the deposi-
tion angle.

4.4. Optical results

Figure 6 shows the transmission (7") and reflection (R)
spectra of nano rod structures formed at different deposition
angles of 0°, 3°, 45°, and 60°, for p-polarized light at 10°
incident light angle. It is clear from the figure that the struc-
tures formed at the 0° deposition angle have less amount of
transmission and reflection than the structures formed at other
deposition angles, and the transmission of these structures is
about 0%. As the deposition angle increases, the transmis-
sion and reflection increase. The reason for the increase in
transmission and reflection with increasing deposition angle
is increasing of the porosity with increasing deposition angle.
Because with increasing deposition angle, the shadow effect
increases, thus the porosity of the structures increases.

0.5

0.4

0.3

0.2

T (%)

0.1

| | | | | | |

400 500 600 700 800 900 1000 1100
A (nm)

Fig. 6. Optical spectrum (7": transmittance, R: reflection) of nano rods pro-
duced at different deposition angles.

Although with deposition angle increasing, due to the in-
crease in the porosity of structures, the transmission increase,
but nevertheless, the transmission of structures is less than ten
percent. This indicates that although the structures were an-
nealed in the oxygen flux and the x-ray diffraction pattern was
indicated the presence of ZnO peak, these structures tend to
behave metallically. The absorption spectra of these structure,
calculated from Eq. (27), and shown in Fig. 7, indicate that the
structures have a very high absorption intensity, which con-
firms the metal behavior of the structures. Because semicon-
ductor structures are transparent in the visible region of light
(for semiconductor structures, the percentage of transmission,
especially in the visible region, is much higher than the ab-
sorption) the annealed Zn nano rods in oxygen flux in this
work, cannot be semiconductor nano rods. In fact, because
of almost 0% transmittance, Zn nano rods annealed in oxygen
flu, behave like metal.

A=1—(T+R). 27)

It is clear from the figure that the structures formed at the 0°
deposition angle have the highest amount of absorption due
to the lowest porosity. The absorption spectrum of this struc-
ture has two absorption peaks at wavelengths of 430 nm and
1015 nm, which are due to plasmonic oscillations. That is, the
structures have a metal behavior and the absorption of struc-
tures is done in the form of plasmonic oscillations. As the
deposition angle increases, the absorption of the structures de-
creases due to the increase in the porosity of the samples. This
figure shows that by increasing of deposition angle, main peak
(first peak) of absorption spectra shift toward shorter wave-
lengths.

Because the basis of adsorption in these structures is plas-
monic oscillation. The first peak is the longitudinal mode and
indicates oscillations along the axis of the nano rods (oscilla-
tions due to the electric field component along the line per-
pendicular to the substrate). With increasing the deposition
angle, the field component increases in this direction, so the
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amplitude of oscillations decreases and the longitudinal mode
shifts to short wavelengths.!!? With increasing deposition an-
gle, due to the reduction of the number of oscillations in the
direction perpendicular to the axis of the nanorod, the absorp-
tion intensity decreases at long wavelengths.

1.0

0.9

0.8

A (%)

0.7

0.6

0.5
300 500 700 900

A (nm)

1100

Fig. 7. Absorption spectrum of nano rods produced at different deposition
angles.

4.5. Refractive index

The complex refractive indexes of the Zn nano rods (pro-
duced at different deposition angles of 0°, 30°, 45°, and 60°
and annealed in oxygen flux) were calculated using the reverse
homogenization theory, and void fractions of these structures
were obtained.

Table 1 shows the void fraction (porosity percentage) of
the nano rods produced at different deposition angles. It is
clear from the results that with increasing deposition angle,
due to the increase of shading effect, the porosity of the films
increases. The percentage of porosity obtained from the re-
verse homogenization theory, for nano rods produced at dif-
ferent deposition angles of 0°, 30°, 45° and 60°, is 0%, 15%,
26%, and 40% respectively. These results are in good agree-
ment with the results obtained by other researchers. %!

In previous works by researchers, both experimentally
and theoretically (using other theories), the porosity of nano
rods produced at different deposition angles of 0, 30, 45, and
60 reported to be 0%, 10%, 20%, and 40% respectively. (%]
These results show that the theory of homogenization is in
good agreement with their theory.

The fit between the theoretical and experimental results
of the transmission and reflection spectrum, which was per-
formed to calculate the refractive index of the produced nano
rod structures at different deposition angle, is shown in Fig. 8.
The refractive index obtained from the fit between the theo-
retical and experimental results for the nano rod structures at
the 0° deposition angle, is given in Fig. 6 and compared with
the Zn and ZnO bulk refractive index. Figures 9(a) and 9(b)
show the the real part () and imaginary (k) part of the com-
plex refractive indexes (N = n+ ik) respectively. Results show
that the refractive index obtained for Zn nano rods annealed in

oxygen flux behaves similarly to the behavior of the metal, and
its changes with wavelength are similar to the changes of the
refractive index of Zn with wavelength, but its value is reduce.
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Fig. 8. Fitting of experimental and theoretical optical spectrums for refractive
index calculation.
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Fig. 9. Refractive index comparison of annealed Zn nano rod in oxygen
flux (10° deposition angle), bulk Zn and bulk ZnO, (a) real part and (b)
imaginary part.
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Fig. 10. Refractive index of annealed Zn nano rod deposited at different de-
position angles of 0°, 30°, 45°, and 60°, (a) real part and (b) imaginary part.

The refractive index obtained from this fit for nano rods
produced at different deposition angles is shown in Fig. 10. It
is clear from the results that the structures formed at 0° depo-
sition angle have the highest real part () and imaginary part
(k) of refractive index because these structures have the least
porosity and the highest absorption. Increasing the porosity
and decreasing the absorption, the imaginary and real part of
the refractive index decreases. As can be seen from the fig-
ure, the imaginary part of the refractive index has a peak that
shifts toward shorter wavelengths by increasing the deposition
angle. This is in good agreement with the results of the absorp-
tion spectrum. Because with increasing the deposition angle,
main peak (first peak) of the absorption spectra was shifted
to short wavelengths (longitudinal mode shift toward shorter
wavelength results (first peak in experimental absorption spec-
tra)).

4.6. Permittivity and optical conductivity
Permittivity of the samples calculated from relations bel-
low are shown in Fig. 8:
e=N?>=¢+i€", (28)
e =n’—k>, €' =2nk. (29)
Figures 11(a) and 11(b) show real and imaginary parts of the

permittivity respectively for the samples produced at different
deposition angles of 0°, 30°, 45°, and 60° .

| | ! ! e |
700 800 900 1000 1100

A (nm)

(b)

O N ke O @

400 500 600 700 800 900 1000 1100
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Fig. 11. Permittivity of annealed Zn nano rod deposited at different deposi-
tion angles of 0°, 30°, 45°, and 60°, (a) real part and (b) imaginary part.
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It is clear from the figure that all of the structures have
negative real part of the permittivity, and this indicates the
metal behavior of the structures. It is known that, If the real
part of the permittivity has a negative sign, it means that the
excited field is in opposite direction to the external field, and
this phenomenon seen in metallic material. This indicates that
only the outer surface of the nano rods has a very thin oxide
and in general, these structures show metallic behavior.

Real part of the permittivity represents the ability of the
material to store the electric energy, or in terms the ability to
permit the electric field go through it. On the other word, real
part of permittivity is the lossless permittivity (due to L and C)
and the imaginary part represents the loss in the energy and in-
dicates the ohmic resistance of the material and energy lost as
heat (R). Also the imaginary part of the dielectric function de-
scribes the density of the plasmon excitations in a system. 6]

On the other words, the larger the imaginary part, the
better the conductivity of the material. Figure 8 shows that
the structure formed at a 0° deposition angle has the highest
amount of real and imaginary part of the permittivity among
all of the samples. Also the figure shows that, with increasing
the deposition angle, the imaginary part decreases, which in-
dicates a decrease in the conductivity of these structures with
increasing deposition angle. The optical conductivity ¢ ob-
tained from the relation €” = (6/2wv) which Vv is the oscil-
lation frequency and A is the wavelength is shown in Fig. 12.
This figure shows that the structure formed at a 0° deposition
angle have the highest conductivity and with increasing the
deposition angle, the conductivity of the structures decreases,
which is due to the increase in porosity with increasing depo-
sition angle.
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Fig. 12. Conductivity of annealed Zn nano rod deposited at different deposi-
tion angles of 0°, 30°, 45°, and 60°, (a) real part and (b) imaginary part.

5. Conclusion

In this work, Zn nano rods were fabricated on glass sub-
strates using oblique deposition method at different deposition
angles of 0°, 30°, 45° and 60° and were subjected to flux of
oxygen gas for oxidation. Using the laws of Tate and tangent,
the angle of the nano rods with the line perpendicular to the

substrate was obtained. The transmission, reflection and ab-
sorption spectra of the structures were obtained using a spec-
trophotometer for p-polarization light at 10° incident light an-
gle and the spectral changes were investigated by changing
the deposition angle. The results showed that the structure
produced at 0° deposition angle has the highest absorption
and the lowest value for transmission and reflection so that
the transmission of these structures is 0%. These results indi-
cate the metallic behavior of the annealed Zn nano rods in the
oxygen flux. As the deposition angle increases, the absorp-
tion of the structures decreases and the reflection increases so
that the increase in transmission is very small. The reason
for the decrease in adsorption with increasing deposition an-
gle was attributed to the increase in porosity with increasing
deposition angle, due to the increase in shadowing effect by
increasing the deposition angle. Examination of these spec-
trums showed that absorption is the predominant phenomenon
for all structure, indicating that the structures exhibit metal-
lic behavior despite being oxidized (the XRD spectrum also
confirmed the formation of the zno phase). This indicates that
only the outer surface of the nano rods has a very thin oxide,
and in genera these structures behavior as metallic structure.

For further investigation, the percentage of porosity as
well as the complex refractive index of the structures were cal-
culated using reverse homogenization theory and from the fit
of the experimental and theoretical results. The results showed
that with increasing the deposition angle, the void fraction of
the structures increases and the real and imaginary part of the
refractive index decreases. The decrease in the real and imag-
inary parts of the refractive index with increasing deposition
angle was attributed to the increase in porosity and the de-
crease in absorption of the structures. For better investigation,
the permeability and conductivity of the structures were ob-
tained and it was found that the structures have a negative real
part of permeability and this confirms the metallic behavior
of the structures. The results also showed that with increas-
ing the deposition angle, the conductivity decrease, which was
attributed to the increase in porosity with increasing the depo-
sition angle.
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