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Fabrication and
Characterization of Silver-
Doped Nickel Oxide Thin
Films for Gas Sensors

The work includes fabrication of undoped and silver-doped nanostructured
nickel oxide in form thin films, which use for applications such as gas sensors.
Pulsed-laser deposition (PLD) technique was used to fabricate the films on a
glass substrate. The structure of films is studied by using techniques of x-ray
diffraction, SEM, and EDX. Thermal annealing was performed on these films
at 450°C to introduce its effect on the characteristics of these films. The films
were doped with a silver element at different doping levels and both electrical
and gas sensing characteristics were studied and compared to those of the
undoped films. Reasonable enhancements in these characteristics were
observed and attributed to the effects of thermal annealing as well as doping
with silver. Gas sensing measurements were carried out using NO2 as a gaseous
species to be detected. The results showed that the electrical conductivity, density
as well as mobility of charge carriers, and gas sensitivity were affected by the
doping level and annealing treatment.

Keywords: Gas sensor; Nickel oxide; Nanostructures; Pulsed-laser deposition
Received: 23 March 2022; Revised: 13 May 2022; Accepted: 20 May 2022

1. Introduction

Nanomaterial oxide such as a nickel oxide (NiO)
is one of the transition metal oxides that has been
extensively studied in recent decades. It has physical
and chemical interested properties like NaCl-like
structure and antiferromagnetic oxides. As well, it has
given favorable candidate for plentiful industrial
applications like thermal absorber [1], photo-
electrolysis [2], catalyst for oxygen evolution [3], and
electrochromic equipment [4,5]. Also, NiO was well-
prepared matter used in the electrodes of batteries
[6,7]. The pure crystals of NiO are idealistic
insulators [8,9] and many research fields have
explained and resolved the insulation property of NiO
[10,11]. Perceivable conductivity is done in NiO via
producing Ni vacancies or substituted atoms of some
alkali metals (e.g. Li) for Ni sites to fabricate
rechargeable batteries [6,12]. During the last two
decades, many works on doping NiO thin films with
silver in atomic form have shown that such devices
are highly efficient to detect very small amounts of
several gaseous species as well as sunlight and
electromagnetic radiation [13-16]. This multipurpose
performance is not common for all similar structures.

Gas sensing applications are drastically increasing
due to their industrial, environmental, and clinical
importance. Meanwhile, fabrication of efficient
sensors for as many as possible types of gases is the
main goal of too much research works especially for
gases having dangerous or harmful effects on all
types of lives on the earth [17-21]. Coinciding with
the revolution of nanotechnology and advanced
materials, reasonable enhancements in the
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performance of gas sensing devices were achieved
[22,23]. Amongst, metal oxide nanostructures doped
with appropriate elements are dominating the
industrial and environmental applications of gas
sensors. Such devices can be fabricated by flexible
techniques such as pulsed-laser deposition (PLD)
[4,24].

The aim of this work is to study undoped and
silver-doped nanostructured NiO thin films fabricated
using PLD method. Both electrical and gas sensing
characteristics of these structures were compared.

2. Experimental Part

The main parts of PLD technique are
schematically illustrated in Fig. (1). This technique is
used to prepare NiO, where the test chamber is first
evacuated down to 0.001 mbar. A focused beam of Q-
switched Nd:YAG laser working in the second
harmonic generation (SHG) is entered the chamber
through a window and directed at 45° on the surface
of NiO target. The target was made as a disc from
NiO nanopowder pressed as 5cm in diameter and
~2mm in thickness. One side of this disc was polished
to be mirror-like. The surface of glass substrate and
target surface was parallel to each other. The
appropriate gap was preserved between the substrate
and the used target, this makes the incident laser beam
avoiding any hamper by the substrate holder. For
doping experiment, silver nanopowder was mixed at
different weight percentage amounts with the NiO
nanopowder. The mixture was then compressed, cut
and polished to form the Ag-doped NiO target. Some
experimental parameters such as rotating the NiO
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disc, the substrate annealing temperature and
placement the target with respect to the substrate,
were easily possible during the work. The structure of
the prepared films was investigated using a Shimadzu
6000 X-Ray Diffractometer with Cu(ka) radiation
source of 1.5406A wavelength. The range of scanning
angle (20) has been varied from 20 to 70 degrees and
a speed of 4 deg/min. The scanning electron
microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDX) have been used with 15 and 10
kx magnifications.

AR
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N
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4%
N
Ar"NA:YAG laser
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under vacuum

P=25 x 10< mbas

Gas out

: : I oy outlet

Fig. (1) Schematic diagram of main parts of PLD system [22]

Nickel oxide (NiO) powder with 99.99% purity
and silver (Ag) powder with 99.9% purity were used
to prepare thin films. The targets of bulk NiO1.x):Agx
have been prepared from both materials by grinding
and mixing them at various concentrations (x=0, 0.1,
0.2, 0.3 or 0.4 at.%) for 10 minutes, then pressed into
pellets with 1.2 cm diameter using a SPECAC
hydraulic press to apply a pressure of 6 tons/cm? for
10 minutes. The prepared targets of the pure NiO and
Ag-doped NiO were used to prepare thin films using
PLD method. Both undoped and doped samples were
annealed at 450 °C using electrical furnace at
atmospheric  pressure  for two hours for
recrystallization. Thickness of the prepared films was
measured using optical interferometer method. To
affirm the electrical conductivity, the type of
conductivity, and gas sensing measurements,
interdigitated aluminum Ohmic metal contacts were
deposited on the Ag:NiO films by using vacuum
evaporation technique. Four-point probe (F.P.P.)
method was processed on 1x1-cm? sheets, and for
electrical properties 1mm interdigitated distance.

The experimental gas sensor system involves a
test chamber of stainless steel cylinder of 15cm in
diameter and 15cm in length of 15cm. This chamber
contains an inlet to inflow the gas to be tested and an
entry valve to inflow the atmosphere after emptying.

The electrical conducting points are connected to the
heater by multi-pin feedthrough at the body of the
chamber. Also, sensing electrodes and thermocouples
of K-type have been used. Inside this chamber, the
sensor part is located upon the heater. A conductive
aluminum sheet is used to connect the electrical
connections of the multimeter pins with the sensor
sample.

To clean the chamber from contamination, a
rotary pump is used to evacuate it down to about 1
mbar. A temperature controller is used to set the gas
sensor at the required temperature. Finally, to
measure the change in resistance, a PC-interfaced
digital multimeter is used. These processes are
repeated for all operation temperatures.

3. Results and Discussion

Figure (2) represents the XRD pattern of the
sample annealed at 450°C for two hours. It showed
that the planes (111), (200), and (220) correspond to
angles of 32.9°, 43.7°, and 63.0° respectively, which
are matched with the JCPDS file 73-1523 [25]. Also,
it is found that the prepared structure is quadrilateral
and polycrystalline.
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Fig. (2) XRD pattern of 3% Ag:NiO sample annealed at 450°C
for two hours

Figure (3) shows SEM images and EDX result for
3% Ag-doped NiO thin film. The SEM images are
shown that the particles have several morphologies.
They have different tiny asymmetrical nano-size
clusters. Furthermore, the sample has various grain
sizes ranging from 50 to 500 nm. The EDX is carried
out to determine the elemental composition of the
film sample. It emphasizes in a qualitative mode the
presence of oxygen (O), silicon (Si), nickel (Ni), and
silver (Ag) atoms that compose the sample.
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Fig. (3) SEM and EDX results for 3% Ag-doped NiO thin film
prepared by PLD technique. SEM result is presented in three
magnification scales (50, 20 and 10 pm)
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Figure (4) exhibits the variation of the electrical
conductivity (Lno) with the reciprocal temperature
(1000/T) of as-prepared and annealed NiO thin films
of both types (undoped and Ag-doped). Thermal
annealing was performed at 450°C in order to induce
the structural distribution of NiO grains over the
prepared thin films. This thermal annealing may have
another effect to enhance the substitutional doping of
NiO structure with Ag atoms. Both effects were
compared to the as-prepared undoped NiO samples.
It is clear that increasing temperature causes the
electrical conductivity to increase as the charge
carriers are provided with higher kinetic energy to
move and generate electrical signal with higher
intensity. Similarly, higher level of doping with silver
causes the electrical conductivity to increase as more
silver atoms contribute to the electrical conduction of
the doped NiO sample. Doping level of 4% has
increased the electrical conductivity of both as-
prepared and annealed samples by 150% when
compared to the undoped sample.

Undoped NiO
1% Ag doping
2% Ag doping
3% Ag doping
4% Ag doping

at room temperature

T T
2 2.2 2.4 2.6 2.8 3 3.2 3.4

1000/T (1/K)
(@)
-1
annealed at 450°C © Undoped NiO
A 1% Ag doping
21 @ 2% Ag doping
A& 3% Ag doping

® 4% Ag doping

-7 T T T T T T

2 2.2 2.4 26 2.8 3 3.2 34
1000/T {1/K)
(b)

Fig. (4) Variation of Ln(c) with 1000/T for undoped and Ag-
doped NiO samples (a) as-prepared (at room temperature) and
(b) annealed at 450°C

Variety of mechanisms can be used to explain the
electrically conductive behavior of polycrystalline
NiO thin films. Extrinsic impurities are giving the
ability to grow in impurity conduction behavior at
depressed temperatures and band conduction close to
and higher than the room temperature. The grain
boundary works as shipping traps, controlling the
potential barriers and barriers throughout the grain,
which makes the electric conductivity of these films

(3}
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influenced [26,27]. Additionally, when the
semiconductor is at low temperatures, or heavily
doped, the dominated current of band conduction is
caused by emitted thermal-field of the carriers
through the barrier, and at high temperatures or in
lightly doped material, thermionic emission
dominates over the barrier [28-30]. These processes
are taken into account in the analysis of the electrical
transport properties of prepared samples in the
present study.

The Hall measurements showed that pure and Ag-
doped NiO thin film samples are p-type
semiconductors. For p-type samples, the Hall
parameters involve the electrical conductivity (o),
Hall effect coefficient (Rn), carrier concentration (nu),
and mobility (uw).

At room temperature, the electrical conductivity
(ort) Of the annealed samples was determined and
compared to that of as-prepared samples, as shown in
Fig. (5). The effects of silver doping ratio as well as
thermal annealing are very clear, as the electrical
conductivity was increased by 36.4% at silver doping
ratio of 4% compared to the as-prepared sample
doped at the same ratio, while an increase of 23.8%
was determined at doping ratio of 1% compared to the
as-prepared sample doped at the same level. So,
increasing the Ag doping level by 400% has resulted
in a consequent increase in the electrical conductivity
of about 13%. As the doping ratio is increased,
additional dopant atoms occupy sites of Ni atoms in
NiO lattice and result in increasing charge carriers.
The essential objective of doping NiO crystalline
structure with silver is to produce more charge
carriers and thus increasing the electrical signal
during the response to the tested gas.

0.025
® As-prepared NiO

O Annealed NiO

0.02

0.015

Ogr (Q.cm)?

0.005

0 T T
0 0.1 0.2 0.3 0.4 0.5

Ag doping (%)

Fig. (5) Variation of room-temperature electrical conductivity
(orT) With Ag doping level (%) for as-prepared and annealed
(at 450°C) NiO thin films

The variation in the density of charge carriers with
doping level was determined as shown in Fig. (6). It
was observed that the average increase in the density
of charge carriers of Ag-doped NiO samples due to
thermal annealing was about 79% when compared to
the as-prepared Ag-doped NiO samples. Thermal
annealing allows Ag atoms to substitute Ni atoms in
the NiO structure much more effectively and thus
additional charge carriers are provided and the
electrical conduction is increased. However, thermal
annealing has resulted in an increase of 200% leading
to arise in the density of charge carriers for the
undoped NiO films.

1000000
® As-prepared NiO o
100000 4 © Annealed NiO °
(e}
10000 - L4
o
o [ J
E 1000 A
)
;‘I 100 - (.)
c
10
1
0.1 = T T T T
0 0.1 0.2 0.3 0.4 0.5

Ag doping (%)

Fig. (6) Variation of carrier concentration (ny) as a function of
Ag doping level (%) for as-prepared and annealed (at 450°C)
NiO thin films

Figure (7) shows the variation of mobility (yH)
with percentage doping level for both as-prepared and
annealed samples. The thermal annealing of the pure
NiO sample affects the mobility of the charge carriers
by increasing it by 145%. In existence of Ag dopants,
the mobility was slightly decreased. High dopant
concentration leads to the ionized impurity scattering
from the substitutional donors and scattering from the
interstitials [31,32], resulting in a decrease in the
mobility.

The aggregate variation that occurs in the mobility
and density of charge carriers can be demonstrated as
the position of Ag dopants in the NiO structure. The
mobility of charge carriers was reduced at the higher
doping concentrations which could be resulted from
the interstitial occupancy of Ag atoms in NiO
structure. The appearance of Ag dopants at interstitial
sites and grain boundaries in oxide form, and
diminishing grain size, may act as scattering centers
and lead to a remarkable decrease in the mobility at a
high dopant concentration. From this result, one may
conclude that low doping level of NiO with Ag atoms
improves the conductivity of the film as the electrical
conductivity of Ag element is higher than that of NiO.
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The prepared samples have been tested as sensors
to detect the harmful NO. gas at different operation
temperatures. The sensitivity (S) is determined by the
following equation [33]:

Rg—Rq

S = |R— x 100% 1)

a

where R, and Ry are the electric resistances of the
samples in air and in existence of tested gas,
respectively

120
@ As-prepared NiO

100 2 A Annealed NiO

80 -
o
>
~
£ 60 A
)
T
=4

40 @

[ J
20 A A
]
0 . . * n
0 0.1 0.2 0.3 0.4 0.5

Ag doping (%)

Fig. (7) Variation of mobility (u4) with Ag doping level (%) for
as-prepared and annealed (at 450°C) NiO thin films

Figure (8) illustrates the variation of resistance of
Ag-doped NiO thin films to NO; gas at operation
temperature for different measurement times (30, 60
and 90 min). The resistance has been increased as the
operation temperature reaches to 200°C for
measuring times of 30 and 60 min, while the
maximum resistance was reached at 260°C for
measuring time of 90 min. The two behaviors were
identical, which means that the Ag-doped NiO
samples as gas sensors work preferably at elevated
temperatures in comparison with those at lower
temperatures (<200°C). However, further increase in
operation temperature led to decrease the sensitivity
of these devices.

In order to introduce the effect of doping with
silver on the performance of the fabricated gas
sensors, the resistance of undoped and Ag-doped NiO
samples has been tested with time. From this figure,
the mechanism of a variable resistance depends on the
time before exposing the NiO samples to NO; gas.
The system was left to stabilize at its operation
temperature for about 15 min, thus the stabilized
resistance is assigned as Ra (Gason). During exposing
the sample to the NO; gas, the resistance is reduced
and assigned as Ry (Gasor). The species of NO. gas
react with oxygen ions on the surface of the sample
and therefore, the oxidation mechanism leads to
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rising the quantity of the free carriers. Thus, the
resistance of the samples reduces when exposed to
oxidant gases.

The sensitivity was measured at higher operation
temperatures as presented in Fig. (9). The sensitivity
of prepared films is growing with increasing
operation temperature to 200°C. The vibration of NiO
molecules and the speed of gas diffusion are
increased as a result of increasing the temperature and
this results in gas adsorption. The desorption rate of
the sample’s surface raises and thus the sensitivity is
increased according to the increase in the
temperature. The higher sensitivity of Ag-doped NiO
samples achieved in this work was about ~79% at an
operation temperature of 200°C.

Furthermore, the required parameters to design
the gas sensing devices include the response time,
which is the time required for the sensor to realize
90% of the maximum variation in resistance in the
presence of the detected gas. Another considerable
parameter is the recovery time, which can be denoted
as the time required to go back to 10% of the higher
resistance of the sensor device. These two parameters
were tested at a bias voltage of 6 V. All results in table
(1) for both parameters are decreased according to
increasing the operation temperature when sensing
NO, gas.
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Fig. (8) Variation of thin film sample resistance (R) with time
for annealed (at 450°C) undoped and Ag-doped NiO thin films
at operation temperature of 200°C
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Fig. (9) Variation of sensitivity of Ag-doped NiO thin films to
NO, gas with operation temperature for different
measurement times

Table (1) Results of response time and recovery time of Ag-
doped NiO thin film gas sensors at different operation
temperatures

Undoped NiO | 1% Ag doping | 2% Ag doping

T (°C) c Ll ol | c o2 | c&l &

S > S > S >
a2 g 2 o 2 9 2 o 2 o 2
8E|SE|8E/SE| 8E|l 8E
x ¥ x> x v x* [ I

35 - - - - - -

100 252 | 2214 | 315 | 2169 | 423 | 1179
200 26.1 | 1332 | 25.2 | 1341 | 144 56.7
300 19.8 495 19.8 58.5 36 76.5

Sl 2ol 84 24
T (°C) c & oL c | o &

[} > [} >

e 3 8 9 o 2 [SI

35 324 216 - -

100 29.7 | 1269 | 243 | 89.1
200 35.1 97.2 | 252 | 61.2
300 27.9 846 | 99 60.3

4. Conclusion

In concluding remarks, pulsed-laser deposition
was used to prepare Ag-doped NiO thin films. These
films were thermally annealed at 450°C and their
electrical characteristics were affected by the Ag
doping levels. Doping level of 4% has increased the
electrical conductivity of both as-prepared and
annealed samples by 150%. The average increase in
the density and mobility of charge carriers of Ag-
doped NiO samples due to thermal annealing were
about 79% and 145%, respectively. The overall
variation in the density and mobility of charge
carriers can be interpreted according to the position of
Ag atoms within the NiO crystalline structure. The
Ag-doped NiO thin film gas sensors operate better at
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elevated temperatures when compared to the lower
temperatures (<200°C). The maximum gas sensitivity
of Ag-doped NiO samples was ~79% at operation
temperature of 200°C.
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Characteristics of Multilayer
glass/ITO/N:TiO>/NiO/KOH/Pt/glass
Photoelectrochromic Device
Synthesized by Reactive
Magnetron Sputtering

In this work, titanium dioxide doped with nitrogen (N-doped TiO>), as electrochromic layer
(EC), and nickel oxide (NiO), as ion storage layer (1S), have been synthesized by dc reactive
magnetron sputtering technique. The synthesized layers have been characterized using x-
ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), Fourier-
transform infrared (FTIR) and UV-visible spectroscopy. Mixed-phase (anatase/rutile) has
been observed for EC layer (TiO2) and cubic phase structure for IS layer (NiO). The
nanostructures of these layers, on both silica and indium tin oxide (ITO) substrates, have
been investigated and determined. The photoelectrochromic device with the configuration
of glass/ITO/N:TiO2/NiO/KOH/Pt/glass has been fabricated and characterized. The
multilayers configuration of this photoelectrochromic device has been tested by applying
+3.4V voltages with xenon-light irradiation and high optical transmittance of about 23%

has been determined.
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1. Introduction

Smart windows can control the amount of visible
light and solar radiation that enters a structure, as well
as provide energy efficiency by varying the
transmittance levels based on dynamic needs [1-3].
Electrochromic materials are materials capable of
changing their optical properties when ions are
intercalated or DE intercalated as an electric field is
applied. Because of this property, these materials can
be used to create electrochromic devices that control
properties like transmittance and absorbance [4-9].

Titanium dioxide (TiO2) is a semiconductor
having good chemical stability, a high refractive
index, and low nontoxicity [10]. A robust TiO; is an
effective material for applications such as gas sensors
[11], dielectrics in semiconducting field-effect
transistors [12], and photoelectrochromic (PEC)
devices [13]. Doping TiO, with non-metallic
elements such as nitrogen has received special
attention [14-18]. The use of these anionic dopants
causes bandgap narrowing, and effectively extends
TiO; absorption threshold into the visible range [19].
Nickel oxide (NiO) is a semiconducting compound
crystallizing in either cubic or hexagonal structure.
This material exhibits properties of a p-type
semiconductor with a band gap ranging from 3.4 to
4.0 eV [20]. Due to its low cost, strong cycle
reversibility, and good coloration efficiency, nickel
oxide exhibits electrochromic qualities that make it a
promising option as an anodic material in
electrochromic devices (ECD) [21].
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There are many techniques used to prepare the
electrochromic layer such as chemical vapor
deposition (CVD), sol-gel, and sputtering. The
sputtering as a deposition technique is one of the most
widely used techniques to prepare thin films. To
improve the deposition rate using the basic sputtering
process was developed. Deposition at room
temperature is one of the most important advantages
of the sputtering deposition process [22].

In the presented work, multilayers were prepared
using dc reactive magnetron sputtering technique and
their structural and optical characteristics were
optimized in order to fabricate multilayers
glass/ITO/N:TiO2/NiO/KOH/Pt/glass configuration
as photoelectrochromic (PEC) device.

2. Experimental Work

2.1 Materials

Highly-pure titanium sheet with 80 mm diameter
and 0.5 mm thickness and highly-pure nickel sheet
with 80 mm diameter and 0.3 mm thickness were
used. Indium tin oxide (ITO) glass substrates with
100 mm diameter and 0.7 mm thickness supplied by
Guangdong (China) and potassium hydroxide (KOH)
supplied by CDH (India) were used too.

2.2 Preparation of Multilayers and PEC device
Nitrogen-doped titanium dioxide (N:TiO2) was
deposited as the electrochromic (EC) layer using a
homemade dc reactive magnetron sputtering
technique. The titanium sheet was maintained on the
cathode. A voltage of 2000 V and current of 40 mA
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were applied between the electrodes. Thin films of N-
doped TiO, were prepared with different ratios of the
gas mixtures Ar:02:N2. The ratios of gases in the
mixture were varied as 76:19:5, 43:42:15, 40:40:20,
and 30:60:10. The deposition time was fixed at two
hours for all samples. There was no intentional
heating of the substrates in this work.

Nickel oxide (NiO) was deposited as an ion
storage (IS) layer using the same sputtering
technique. The nickel sheet was placed on the
cathode. A voltage of 2500 V and current of 50 mA
were applied between the electrodes. An Ar:O, gas
mixture of 50:50 was used. The deposition time was
set to 2, 3, and 4 hours.

Two transition metal oxide thin films (N: TiO; and
NiO) were deposited on transparent conductive layers
of ITO to configure multilayers ITO/N:TiO2/NiO
PEC device as shown in Fig. (1a).

(@)
P Cathode
den:ndo velemI ode

Power

Xenon | Supply
lamp = bl - i Yt
.~ 1l U i

- 34
+

(b)
Fig. (1) (a) Layer configurations and (b) schematic diagram of
the system smart window

The multilayers electrode was dipped as the
cathode and the platinum electrode as the anode in an
electrolyte solution of 1M KOH. The electrodes were
connected to a power supply of 3.4 V under xenon-
light irradiation within 2 minutes to obtain the colored
state. In the bleached case, the electrodes were
reversed, the voltage of 4 eV was increased, and the
time also increased to approximately 3 minutes. Both
the colored and bleached states were obtained through
oxidation and reduction processes for the fabrication
of the PEC device (smart window). Figure (1b)
illustrates the schematic diagram of the system PEC
device.
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3. Results and Discussion

Figure (2a) shows the XRD pattern of the thin N-
doped TiO, (mixed phase) prepared using Ar:02:N;
gas mixture of 76:19:5 at an inter-electrode distance
of 4 cm and deposition time of two hours. From the
figure, the results confirmed that there are distinct
diffraction peaks for both anatase and rutile phases of
TiO2. The observed peaks in the XRD pattern
correspond to the (101), (004), (200), (105), (211),
(118), (116), (220), and (215) planes of the TiO,
anatase phase, while the planes (101), (111), (210),
and (211) are corresponding to the TiO rutile phase.
The obtained results are consistent with the JCPDS
card no. 21-1276 [23]. The planes (111) and (220)
refer to the structure of titanium nitride and agree with
the JCPDS card no. 1420-38 [24]. The XRD pattern
maintains very intense and fine peaks to indicate
proper crystallization. When the two phases of TiO;
are found in the same sample, the anatase phase mass
ratio (ma) can be estimated from Eq. (1) [25,26]:

1

my = [ M)

1+1.26;—§]
where Ir is the rutile phase intensity at the (110) level
and la is the anatase phase intensity at the (101) level
The results show that the mass percentage of
anatase and rutile phases in the sample was 55.4%,
and 44.6%, respectively.
The crystallite size was calculated by Scherrer's
formula as [27]:

Crystallite size = 092

B cos6 (2)
where A is the wavelength of x-ray (1.5406A), 0 is the
diffraction angle, and B is the full-width at half
maximum (FWHM) of the extreme peaks

According to the highest peak intensity (101) for
the anatase phase, (210) for the rutile phase, the
results showed that the crystallite size of the N-doped
TiO; thin film sample was 15.56 nm for the anatase
phase and 17.77 nm for the rutile phase.

Figure (2b) shows the XRD pattern of the NiO
thin film sample prepared using Ar:O; gas mixing
ratio of 50:50, inter-electrode distance of 4 cm, and
deposition time of 3 hours. The peaks in the XRD
patterns are corresponding to the (111), (200), (220),
(311), and (222) planes of the cubic crystal structure
(FCC) of NiO. No peak was observed for any other
phases, indicating the high purity of the NiO sample.
The results indicate a high agreement in the intensity
of the characteristic peaks and diffraction angles with
the standard spectrum (JCPDS card no. 04-0835)
[28]. The crystallite size was calculated using
Scherrer’s formula (Eq. 2) with the highest peak
intensity (200). The results showed that the crystallite
size was 12.64 nm.
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Fig. (2) XRD patterns of (a) N-doped TiO; thin film, and (b)
NiO thin film

Figure (3) shows the FTIR spectra of the as-
prepared N-doped TiO, and NiO thin films. The N-
doped TiO, sample was prepared using a gas mixture
of 76:19:5 and deposition time 2 hours, while the NiO
sample was prepared using a gas mixture of 50:50 and
deposition time 3 hours. The bands assigned to Ti-O
symmetric and asymmetric stretching vibration
modes were observed around 522 and 678 cm?,
respectively, while the peak at 439 cm is ascribed to
Ti-O-Ti bonds in the TiO; lattice. The peaks around
3458 and 1643 cm are attributed to the stretching
and bending vibration of the OH group in water
molecules in the atmosphere [29]. The bands around
1597, 1481 and 1348 cm? are attributed to the
vibrations of the Ti—N bond [30], while the band at
885 cm* can be ascribed to the vibration of surface-
absorbed N-O. The appearance of the N-Ti bond in
the samples with varying N:TiO, ratios suggests that
the N species have been incorporated into the TiO;
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lattice. Furthermore, the FTIR spectrum shows the
absence of any impurities in the prepared samples and
this is attributed to the optimization of operating
conditions of the sputtering system, which is one of
the most important advantages exhibited by this
technique.

For NiO sample, the FTIR spectrum shows peaks
at around 450.68 and 1294.77 cm* which are due to
the Ni-O stretching vibrations [31]. The wideband
centered at 3414.45 cm™ is for O-H stretch vibration.
The observed peak at 1574.66 cm™ is assigned to the
H-O-H bending vibration mode.
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Figure (3) FTIR spectra of TiO,_N and NiO thin films

Figure (4a) shows the SEM image of N-doped
TiO, sample as the surface profile and the particle
size of the optimal thin film for fabrication of PEC
devices were determined. The minimum particle size
was found to be 46.89 nm. Homogeneous distribution
of nanoparticles can be seen from the SEM image,
which can be attributed to the use of magnetron
sputtering technique to fabricate nanostructures. In
the N-doped TiO, samples, the interfacial distance
between the nanoparticles indicates an inevitable
consequence of the presence of gaseous species
(nitrogen) within the structure.

The SEM image of the NiO thin film shown in
Fig. (4b) indicates that the minimum particle size is
20.10 nm with homogeneous particle distribution.
Figure (5) shows the FE-SEM image of the
multilayers structure sample (ITO/N:TiO2/NiO). The
minimum particle size is about 35nm. When
compared with the SEM results of individual NiO and
N-doped TiO, samples, the surface morphology of
the multilayers sample is similar to that of the N-
doped TiO, sample. This can be attributed to the
larger particle size of N-doped TiO, sample, while the
smaller NiO nanoparticles locate in the spaces
between the larger particles. If this is the case, then
assuming the formation of heterogeneous
nanostructures could be reasonably feasible. Such
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assumption encourages the synthesis of nanodevices
with ferroelectric properties. When compared to
conventional thin film structures (NiO/TiOy) [32], the
efficiency of the multilayers structures is higher by
1000%. Accordingly, a drastic development in
applications can be expected with more control over
the size and distribution of nanoparticles.
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elemental compositions in the final samples is
presented too.

Table (1) EDX analysis of N-doped TiO, sample

Element Atomic  Atomic %  Weight  Weight %
% Error % Error
C 23.9 0.5 18.1 0.4
N 9.8 1.2 8.7 1.0
(0] 63.4 0.9 64.2 0.9
Ti 3.0 0.1 9.0 0.2

200 nm
e |

EHT = 10.00 kV
WD = 55 mm

Signal A= SE2
Mag= 5000KX  UserText=

Date:13 Dec 2021

(a)

Table (2) EDX analysis of NiO sample

Element linetype Weight% Atomic %  Net Int.
(0] K series 97.97 99.39 12.13
Ni K series 221 0.61 0.66

s EHT = 10,00 kV Signal A = SE2 Date :13 Dec 2021 ZEISY
—_— WD= 56mm Mag= 5000KX  UserText=

Fig. (4) SEM images of (a) N-doped TiO, thin film, and (b) NiO
thin film prepared in this work

Fig (5) FE-SEM image of multiayers smple
(ITO/N:TiO,/NiO)

The energy-dispersive x-ray (EDX) spectra of the
prepared samples (N-doped TiO;, NiO and
multilayers (ITO/N:TiO2/NiO) were recorded and
analyzed as shown in Fig. (6). A summary of

Table (3) EDX values of multilayers sample
(ITO/N:TiO,/NiO)

Element Atomic  Atomic%  Weight — Weight %
% Error % Error
c 135 0.5 92 0.4
N 49 0.5 4.0 0.4
o 78.5 0.7 71.6 0.7
Ti 1.3 0.0 35 0.1
Ni 0.1 0.0 02 0.1
In 0.8 0.1 5.1 05
Sn 0.9 0.0 6.4 0.3

Fig. (6) EDX results of thin film samples prepared in this work:
N-doped TiO,, NiO, and multilayers (ITO/N:TiO,/NiO)

Figure (7a) shows the transmission spectra of N-
doped mixed-phase TiO; thin films in the UV and
visible regions. These thin films were prepared using
different (Ar:02:N.) gas mixing ratios of 40:40:20,
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60:30:15, 43:42:11, and 76:19:05 after deposition
time of 2 hours. These results show that the
transmittance decreases with increasing the ratio of
nitrogen gas in the gas mixture. The lowest
transmittance was obtained for the sample prepared
using the mixing ratio of 43:42:15, while the highest
transmittance was obtained when mixing ratio of
76:19:05 was used. Figure (7b) shows the
transmission spectra of NiO thin films in the UV and
visible regions. These films were prepared using a
50:50 mixing ratios of Ar and O, respectively, after
different deposition times (2, 3 and 4 hours). These
results show a decrease in the transmittance as the
deposition time got longer. Also, the transmittance
was decreased to its minimum value at the edge of
UV region.
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Fig. (7) Transmission spectra of thin film samples prepared in
this work (a) N-doped TiO,, and (b) NiO

The energy band gap of the N-doped TiO; thin
film samples was determined from the relationship
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between («hv)Y2 and photon energy (hv). The indirect
energy band gap of the N-doped TiO, samples
prepared using gas mixing ratios of 40:40:20,
60:30:15, 43:42:11, and 76:19:05 are 3.05, 3.18, 3.32,
and 3.36 eV, respectively. The energy band gap was
decreased with increasing nitrogen content in the
sample due to the existence of nitrogen impurities
into the TiO, matrix. Consequently, this has improved
the electronic transitions [33]. Similarly, the energy
band gap of the NiO thin film samples prepared after
different deposition times (2, 3 and 4 hours) was
determined from the relationship between (a/v)Y? and
photon energy (hv). These results confirm a decrease
in the indirect optical energy band gap with
increasing deposition time. The values of energy band
gap were 3.1, 3.13 and 3.36 eV corresponding to
deposition times of 2, 3 and 4 hours, respectively.
This decrease in the band gap can be attributed to the
increased content of gases in the sample due to
increasing crystal defects or impurities. This leads to
the band tailing of the valence and conduction bands
and contributes to the band gap narrowing [34].

Figure (8) shows the relation between
transmittance and wavelength for optimum samples
prepared at different conditions. These results
indicate high transmittance of the ITO substrate with
a decrease in transmittance when it was covered with
a thin film of N-doped TiO.. In case of multilayers of
ITO, N-doped TiO; (prepared using gas mixture of
76:19:5 after deposition time of 2 hours), and NiO
(prepared using gas mixture of 50:50 after deposition
time of 3 hours), the results confirm a dramatic
change in transmittance as it decreased to the lowest
value at wavelength of 520 nm. To study the
photoelectrochemical effect, the ITO, N-doped TiO;
sample is used as the working electrode and platinum
foil as the counter electrode. The electrodes were
electrochemically cycled in electrolytes consisting of
1M KOH. Connecting the sample to the negative end
of the power supply and the platinum electrode to the
positive end, then irradiating the sample with a xenon
lamp, the results indicate a decrease in transmittance
to the lowest value (see the colored curve). However,
connecting the sample to the positive end of the
power supply and the platinum electrode to the
negative end, the transmittance was increased again
(see the bleached curve). The coloration process of
the sample corresponds to the oxidation state of metal
oxide ions (before the oxygen evolution reaction)
while the bleaching process is related to the reduction
state of metal oxide ions. The results of the current
work are in agreement to those achieved by other
works [35,36].

Moreover, after using N-doped TiO, the results
indicate a decrease in the transmittance of the sample
when NiO is deposited over the N-doped TiO; layer,
as shown in Fig. (8). Also, connecting
ITO/N:TiO2/NiO to the negative end and the platinum
electrode to the positive end then irradiation with a
xenon lamp, the results indicate a high decrease in
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transmittance (see the colored curve). However, by
reversing the electrodes, the transmittance increases
again (see the bleached curve). At color condition, the
results confirm a decrease in the transmittance to 23%
when voltages of +3.4 V were applied with xenon-
light irradiation.

100

80 T

~
60 + I

40

Transmittance (%)

20 | Calor

ITO/N:TIO2/NIO
Bleached
ITO
— ITOIN:TiIO2
0 T T T
350 450 550 650 750

Wavelength (nm)

Fig. (8) Transmission spectra of multilayers configuration
(ITO/N:TiO,/NiO) prepared in this work. The photographs of
the ITO/N:TiO2/NiO film with a size of 2x2 cm? in the colored
and bleached states

4. Conclusions

A modification in the structure of TiO, as EC
layer is achieved by doping it with nitrogen and thus
the ability of using this layer in the PEC device.
Multilayers configuration based on ITO/N:TiO2/NiO
was successfully synthesized and tested where both
EC (N-doped TiO,) and IS (NiO) layers are prepared
with high optical homogeneity by dc sputtering
technique. A decrease in the transmittance to 23%
was achieved when voltages of £3.4 V were applied
with xenon-light irradiation. This gives an indication
on the efficiency of the PEC device.
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Characterization of Indium
Nitride Thin Films Prepared by
Plasma-Assisted Molecular
Beam Epitaxy

The growth and electronic structure of indium nitride has been presented. Indium
nitride thin films were grown by plasma-assisted molecular beam epitaxy (PAMBE).
The significance of the relative fluxes, substrate temperature and buffer layers was
explored and related to the electrical and structural properties of the prepared films.
Alongside the effect of active nitrogen species on indium nitride films, it was found
that excited molecular nitrogen was preferred for growth over atomic and ionic
species. An optimized recipe for indium nitride was developed incorporating all
explored parameters.
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1. Introduction

Epitaxy is defined as the deposition of a
monocrystalline film on a monocrystalline substrate,
keeping a certain lattice alignment known as epitaxial
relationship. The heteroepitaxy is used when the
substrate and the epilayer are different materials [1,2].
Heteroepitaxy is the deposition of material A on
material B. In this case, various growth modes can be
observed, depending on the lattice mismatch between
the materials and surface energy: Layer-by-layer
growth, also called Frank Van der Merwe growth,
Three-dimensional (3D) growth, called Volmer-
Weber growth, and Stranski-Krastanov growth [3-5]

High quality epitaxial thin films can be
synthesized via chemical vapor deposition (CVD) or
physical deposition (Molecular Beam Epitaxy, MBE)
[6,7]. In comparison to CVD techniques, MBE
presents several advantages which stem from its
lower growth temperature and in situ monitoring via
Reflection  High-Energy  Electron  Diffraction
(RHEED) [8,9]. They are good control of layer
thickness, due to a low growth rate (less than one
monolayer (ML) per second) and reduced inter-
diffusion effects [10]. Also, synthesis of a wide range
of ternary or quaternary alloys. Even materials that
are barely miscible under thermodynamic
equilibrium can be dynamically stabilized by MBE
[11]. Finally, higher dopant concentrations thanks to
the minimization of segregation effects [12].

In the particular case of Ill-nitrides, additional
advantages can be found, such as the possibility to
change the material polarity, depending on the
substrate or buffer layer [13,14]. As well, the
activation of Mg-dopant is not required, because of
the H-free growth environment [15].

The epitaxial growth process depends on the
impinging fluxes on the one hand and the substrate
temperature on the other hand [16]. The substrate
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temperature is the key parameter which activates the
different phenomena occurring at the growing surface
[17].

As can be seen in Fig. (1), the impinging fluxes
can be adsorbed at the surface by chemisorption (if
chemical bonds are created via a transfer of electrons
between impinging atoms and atoms from the
surface) or physisorption (if the atoms are adsorbed
via Van der Waals forces) [18]. At a given substrate
temperature and concentration, the atoms have a
certain mobility [19]. Some of the species will diffuse
and be desorbed without being incorporated to the
layer, whereas the others will incorporate either by
step-edge growth forming atomic terraces or by
cluster nucleation [20].

Fig. (1) Atomistic processes that can occur at the surface during
the growth: (a) adsorption, (b) diffusion, (c) step-edge growth,
(d) atomic terraces, (€) nucleation of clusters and (f ) desorption

Techniques that have led to low cost, high density
processing of silicon have resulted in silicon
integrated circuits becoming ubiquitous within
modern society. The astonishing progress which has
been achieved in the processing of silicon is
encompassed by Moore's law [21,22]. In 1965, only
5 years after the first planar integrated circuit was
produced, Gordon Moore noted that the density of
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transistors being fabricated on silicon integrated
circuits was doubling approximately every 2 years
[23]. Remarkably this trend has continued to the
present day and the latest generation of
microprocessors now pack more than half a billion
transistors onto a square centimeter [24,25].

While the ability of semiconductors to rapidly
process information may be the most visible
application, semiconductors are used in applications
as wide reaching as solid state lighting, power
distribution,  photovoltaics and high  speed
communications [26-29]. When considering which
semiconductor is preferred for a given application a
number of material properties must be considered.
High frequency devices rely on high peak carrier drift
velocities along with compatibility with high-k
dielectrics [30]. For light emitting applications, the
size and nature of the electronic bandgap must be
considered. High power operation requires the
material to be relatively insensitive to moderate
changes in temperature [31].

The first report of Ill-nitrides synthesis was in
1938 by Juza et al. who synthesized GaN and InN
crystallites [32]. The GaN was formed by flowing
ammonia over hot gallium, and the InN from
InFs(NH4)3 reduction. The purpose of this initial
study was to measure lattice parameters of the
materials and there was little interest in their optical
properties at that stage [33]. It was 30 years later,
when Maruska et al. first grew GaN layers by vapor
phase deposition on sapphire substrates, that interest
in the nitrides increased [34]. Following this report,
blue LEDs based on GaN:Zn/n-GaN structures were
produced by Pankove et al. on vapor phase grown
GaN [35,36]. These structures relied on hot carrier
injection from avalanche breakdown to generate
holes. Despite subsequent advances in growth, p-type
GaN proved elusive and it was not until 1989 when
Amano et al. succeeded in reliably producing p-type
GaN by Mg doping [37]. Nakamura et al. have
utilized Mg doping to form p-n junctions, and at the
time, the brightest blue LEDs made from any material
system [38]. Akasaki et al. and Nakamura et al.
subsequently produced the first laser diodes based on
the material system [39,40]. Progress has continued
at a remarkable rate, with the number of research
groups studying the Ill-nitrides ballooning [41].
Recent efforts have focused on improving the
efficiency of nitride based LEDs and laser diodes and
extending the range of wavelengths over which they
operate. Added effort has also been applied to
HEMTSs based on nitride heterojunctions [42]. For a
thorough account of the historical developments in
the GaN field see the reviews by Jain et al. [43] and
Pankove et al. [44].

2. Experimental Work

The nitride MBE system used in this work is a
Perkin-EImer model 430. The water cooled chamber
is fitted with ion and cryo pumps (cryo pumped

exclusively during film growth) which results in a
base pressure of about 5x10* Torr. Active nitrogen
is supplied by a radio frequency inductively coupled
plasma source, and all metallic species are supplied
by standard or high temperature effusion cells.
Samples can be transferred in and out of the system
using a three chamber load-lock. Growth can be
monitored in-situ by a reflection high energy electron
diffraction (RHEED) system, and also a custom built
laser interferometer. Substrates are mounted on 78
mm molybdenum blocks via indium or indium-tin
solder. The growth temperature can be controlled by
a high temperature substrate manipulator heater
capable of temperatures greater than 1200°C. The
substrate manipulator temperature is monitored by a
thermocouple touching the back side of the
molybdenum block. Growth temperatures were
calibrated using a silicon/aluminum eutectic.

As the common form of nitrogen is inert at
achievable growth temperatures, a plasma or ion
source is required to activate the N> molecule. The
primary source used in this work was an HD-25 radio
frequency inductively coupled plasma source (RF-
ICP). An earlier plasma source model, the MDP-21,
was used for initial studies. Unless otherwise stated,
results refer to growth with the HD-25. All nitrogen
which flowed into the RF-ICP was filtered by a nickel
inert gas filter, and flow was moderated by a 0-5 sccm
mass flow controller. The basic structure of an RF-
ICP is shown in Fig. (1).

N, gas inlet

Coil B
@™ |®

Cavity

Aperture Deflection plates

Fig. (1) The main features of a radio frequency inductively
coupled plasma source

Nitrogen is controllably leaked into the cavity via
the inlet. A water cooled coil couples the RF signal
into the cavity via a magnetic field which is most
intense at the center of the cavity. The alternating
field accelerates charged particles which collide
further with other species and a plasma is formed.
Typically the source (both HD-25 and MDP-21) was
operated at RF powers of 150-350 W and a flow rate
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of 1.3 sccm for film growths. The species generated
by an RF-ICP can vary substantially at different
plasma operating conditions and also from different
source geometries.

A number of post growth -characterization
techniques are discussed within this chapter. It is not
feasible to give a comprehensive overview of each
technique, so only a brief technique summary is given
here along with key operating parameters. The reader
is directed to the thorough review of semiconductor
characterization techniques [45] for further
information.

3. Results and Discussion

In order to map out the different growth regimes
for the MBE system, two GaN films were grown with
the Ga flux varied in discreet steps. The nitrogen
plasma conditions were unchanged during growth
and the growth rate was measured at the various flux
ratios by laser interferometry using a semiconductor
laser operating at 658 nm. The films were both grown
on sapphire substrates at 700°C with a low
temperature GaN buffer grown at 500°C. Figure (2)
shows the growth rate of the two GaN films grown at
RF powers of 350 W and 150 W, respectively.

500 T T T |
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= 400} I o & © O
z 1@
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Fig. (2) The growth rate of GaN layers at various Ga fluxes. (a)
Ga-polar GaN with plasma RF power of 350 W and flow rate
of 1.3 sccm. (b) N-polar GaN with plasma RF power of 150 W
and flow rate of 1.3 sccm. The dashed line represents the Ga
flux where the growth rate begins to saturate, this point marks
the transition between the N-rich and Ga-rich regimes
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A constant nitrogen flow rate of 1.3 sccm was
used for both films. As we can see from Fig. (3), no
intermediate regime exists at growth temperatures of
700°C. This indicates that the saturation in growth
rate in both figures (2a) and (2b) marks the transition
between N-rich and Ga-rich conditions. Increasing
the RF power shifts the transition between the two
regimes to higher Ga flux. By using these plots it was
possible to choose a Ga flux that was slightly into the
Ga-rich regime. This corresponded to a Ga flux of 2.1
and 1.5x10%* atoms/cm?s for the 350 and 150 W
plasma measurements, respectively. This Ga flux was
then used for future optimized GaN films and buffer
layers. It should be noted that the laser interferometry
technique became available only towards the end of
this thesis and originally the transition to the Ga-rich
regime had been determined by observing the
presence of Ga droplets on film surfaces. This
original approach yielded a Ga flux within 5% of the
laser interferometry determined Ga flux for the
boundary between the two regimes.

Ga-rich region

Intermediate
region

Ga:N flux ratio

I
|
|
|
|
: N-rich region
|
|
|

Substrate
temperature (°C)

700 °C

Fig. (3) The GaN growth diagram indicating the three
conditions which MBE grown GaN can be produced

The polarity of GaN films has been shown to
strongly influence film properties. Typically GaN
films grown on sapphire by MBE are N-polar, while
films grown on sapphire by MOCVD are Ga-polar.
The Ga-polar surface has been shown to be the
preferred surface for high quality GaN growth
[46,47]. Often AIN buffer layers are employed to
achieve the Ga-polar growth mode in MBE growth
[48]. The other common technique used to achieve
Ga-polar growth by MBE is to use an MOCVD grown
GaN template as the substrate. In this work GaN
layers were grown on sapphire and MOCVD GaN
templates to achieve N-polar and Ga-polar layers,
respectively. Films were grown on both substrates
under Ga-rich and N-rich flux conditions. No
nitridation step was used. Films had a 50 nm low

PRINTED IN IRAQ 21



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 18, No. 2, April-June 2022, pp. 19-24

temperature buffer layer grown at 500°C, and then a
400 nm high temperature layer grown at 700°C.
Figure (4) shows AFM images of the four films, along
with the root mean square (rms) roughness of each
film.

R =20 nm

N-polar, Ga-rich

Ga-polar, Ga-rich

N-polar, N-rich

Ga-polar, N-rich
Fig. (4) AFM images of N-polar and Ga-polar GaN films grown
in both the Ga-rich and N-rich regimes. R is the root mean
square surface roughness

Clearly the films grown on the GaN templates
have much flatter morphologies, a result of the films
growing homoepitaxially on an already relaxed GaN
template. The films grown on sapphire, on the other
hand, are highly strained due to the large lattice
mismatch of GaN on sapphire. Additionally, the films
grown on sapphire are expected to be N-polar as
opposed to the preferred Ga-polarity of the MOCVD
templates. The films grown in the Ga-rich regime
show a small improvement in surface roughness,
although the effect is small compared to the effect of
the polarity and lattice mismatch.

From an InN perspective, the interest in GaN
growth extends only as far as it can assist in producing
improved InN films. As a buffer layer for InN, the
GaN must be of high structural quality, indicating that
growth in the Ga-rich regime with Ga-polarity should
be preferred. We also want the GaN to be as
electrically insulating as possible so that the buffer
layers do not distort electrical measurements we make
on InN layers. Hall effect measurements on all GaN
films revealed that the GaN layers had high
resistivity. It was often difficult to obtain reliable Hall
data as the currents achieved through the GaN layers
were small. Carrier concentrations below 108 cm
were common. Hall mobilities <10 cm?/V.s were
measured for non-optimized films, and up to 150
cm?/V.s for optimized growth.

4. Conclusions

Indium nitride has been a very challenging
material to grow with structural and electrical
characteristics considered “high quality” by the
electronics community. In particular, the limitations
on growth temperature imposed by the dissociation of
the material is a major hinderance. The growth
regimes of the material were found to follow similar
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trends to the closely related GaN material system,
with growth close to the “In-rich” regime preferred
over growth at low In:N ratios.
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Optimized Characteristics
of Silver Nanoparticles
Synthesized by Chemical
Reduction and Embedded in
Silica Xerogels

In this work, silica xerogel doped with silver nanoparticles has been
prepared via sol-gel route at specific preparation parameters. Spherical and
uniform silver nanoparticles (Ag NPs) had been prepared by chemical
reduction method in silver nitrate aqueous precursor using trisodium citrate
as reducing agent at boiling temperature. The minimum crystallite size in
the range of 15-33 nm was produced .The structural and optical
characteristics were determined as functions of the concentration and
reduction period. According to the results of field-emission scanning
electron microscopy (FE-SEM), the particle size of Ag NPs was increased
with increasing reduction period and concentration. Also, the influences of
these parameters on the particle size as well as on the characteristic surface
plasmon absorption band were determined and studied at 420+30 nm. The
broadening of the surface plasmon resonance (SPR) band indicated the
existence of larger particles in the solution. The absorption intensity was
reasonably increased in case of the bulk samples (Ag NPs in xerogels) when
compared to that of Ag NPs in the solution. The final solid samples of Ag
NPs in silica xerogels can be successfully used as catalyst for white-emission

photoluminescence of rare earth elements.

Keywords: Ag NPs; Silica xerogel; Chemical reduction; Surface plasmon resonance
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1. Introduction

Due to its unusual tunable optical properties,
silver nanoparticles (Ag NPs) are one of the noblest
and most widely explored metallic nanoparticles,
with applications in sensing, detection, and imaging
[1,2]. The development of new procedures for the
manufacture of functional silver nanoparticles and
their use in bio sensitization is now an important
research area in the field of research [3]. Fabrication
processes of silver nanoparticles are constantly
improving, and allowing for greater control over their
size and structure. Silver nanoparticles are utilized to
improve white light photoluminescence and are an
interesting contender for therapeutic, diagnostic, and
photo thermal drug delivery applications [4,5]. The
Ag NPs are utilized in biomedical applications,
cellular imaging, molecular diagnosis, targeted
therapy, and as contrast agents, photo thermal agents,
and radio sensitizers, as well as in contrast agents,
photo thermal agents, and radio sensitizers [6-8]. In
addition to their structure, composite, and shape, their
usefulness is due to their stability and unusual optical,
electrical, magnetic, oxidation resistance, and
structural features [9]. Noble metal nanoparticles,
such as Ag NPs, have been a source of great interest
to their unusual physical features, particularly their
strong Plasmon absorption peak in the visible region
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[10]. The resonance frequencies are determined by
particle form and size and remain stable for months
[11].

Diverse methods related to developing silver
nanoparticles such as ultrasonic irradiation,
electrochemical synthesis, thermal decomposition,
radiolysis, and the chemical reduction of metal salts
have been reported [12-16]. The chemical reduction
method can be considered as one of the most
important and most popular preparation technique for
preparing Ag and Au colloids [17].

In the present study, we have synthesized silver
nanoparticles from silver nitrate salt solution with
trisodium citrate as the reducing agent.

This approach allows for regulated particle size
and form by varying the molar concentration of
reactants. Metal salt precursor, reducing agent, and
stabilizing/surfactants/capping agent are the three key
components used in this procedure. The two stages of
the silver reduction process are nucleation and
particle growth [18]. When compared to the physical
approach, the chemical method has the following
advantages: high yield, cost-effective production, and
easy particle size control [19]. Despite numerous
attempts, preparing Ag NPs with a well-defined size
remains difficult, necessitating a second procedure to
prevent particle aggregation [20]. Synthesis of Ag
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NPs utilizing stabilizers, surfactants, and capping
agents has been evaluated and reported to prevent
aggregation [21,22].

Sol-gel materials are inorganic/organic hybrid
materials made by combining a metal alkoxide and an
organic alkoxysilane precursor with water and a
solvent in the presence of an acid or base catalyst to
hydrolyze and condense [23].

It can form highly porous rigid membranes, which
can be designed to trap/immobilize biomolecules
such as enzymes and proteins that retain their
biological function with potential fouling release
function, as well as for other applications [24]. The
effect of using different precursors and a range of
mixing times for sol-gel formulations on the ability of
the coatings to inhibit macrofouling has been found
[25,26]. In this study, silica network, which provided
a matrix for introducing Ag NPs, were prepared to
demonstrate their role in filling the pores of the silica
sol-gel network to increase the absorbance of the SPR
bands. In our subsequent study, Ag NPs within a
silica sol gel network (as a catalyst) are used to
enhance the white light photoluminescence after
using the rare earth elements.

2. Experimental Part

Without further purification, silver nitrate
(AgNOs3) (purity >98%) and trisodium citrate
(CeHsO7Nas) (purity 99%) were utilized as starting
materials. According to Lee and Meisel [27], the
silver colloid was synthesized utilizing the chemical
reduction approach. All reactive material solutions
were made with distilled water.

A 625 mL of AgNOs solution was heated to
boiling in a typical experiment. Drop by drop, 2.5 mL
was added of 5% trisodium citrate to this solution.
The solution was forcefully stirred during the
operation. The solution was heated until the color
changed (pale yellow) (Fig. 1). Then it was taken off
the heating element and stirred until it reached room
temperature.

Mechanism of reaction could be expressed as
follows:
4Ag' + CHs07Naz + 2H,0 — 4Ag" + CHsO7H; + 3Na + O+ H

To prepare a suitable transparent host of Ag, pure
silica xerogel sol-gel rod samples were prepared
under certain reaction conditions. In a 1:5:10 volume
ratio, pH 1.5, TEOS and absolute EthOH were mixed
together. Before the hydrolysis, a 1ml Ag NPs
solution with various Ag concentrations was added to
the combination of TEOS and EthOH and indicated
as sol(l), which was then homogenized for 15 min.
under magnetic stirrer. Then mixture 0.6 mL
deionized water and 1.2 mL absolute EthOH to the
solution. This combination was labeled sol(IT) and
added slowly to the sol(l) for hydrolysis. The
resulting solution was stirred for 30 minutes with a
magnetic stirrer before adding 0.5 ml of N,N-
dimethylformamide. The resulting solution was
placed into a sealed glass tube and held below the

reaction temperature of 80°C. After aging and drying,
the xerogel bulk rod samples were sintered at 250°C
by gradually increasing the temperature from 110 to
250°C during 48 hours.

Fig. (1) (a) AgNO; solution and (b) Ag NPs

3. Results and Discussion

In order to explore the influence of these
preparations on  characterization of  such
nanostructures, the absorption of Ag colloidal was
recorded as a function of AgNO; concentration and
reduction period. Figure (2) depicts the absorption
spectra of Ag colloidal produced at various reduction
durations of heating after boiling point and with
various AgNOs concentrations. At first glance, the
absorbance increases as the heating duration
increases, while at molar concentration of 2.0x103M,
the SPR band at approximately 407.1 nm is generated
at 9 minutes after the boiling point (Fig. 2a), and at
3.0x103M (7 min.) at wavelengths 416.12 nm.
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Fig. (2) Absorption spectra of Ag colloidal samples prepared
by chemical reduction method at different reduction periods
and different concentrations: (a) 2.0x10°M, (b) 3.0x10*M, (c)
4.0x10°M, and (d) 5.0x10"*M

Figures (2c) and (2d) at the two concentrations of
4.0x10°M and 5.0x10°M at (5 and 4 min.) at
wavelengths 409.05 and 406.02 nm, respectively.
This suggests that the overall pattern of peak
absorption for silver nanoparticles as a function of
reduction periods is “red shift”, which can be
explained by increased Ag NPs concentration through
aggregation formation as the reduction time
increases. There is no evidence of the occurrence of a
SPR band at low concentrations (1.0x10M and
1.0x10*M).

The absorbance as a function of reduction period
is shown in Fig. (3). The absorbance increased as the
reduction period grew, indicating that as the reduction
time increased, nanoparticles aggregation occurred,
resulting in an increase in Ag NPs concentration, and
thus the absorbance increased, which is consistent
with Beer-Lambert laws.

The particle size of produced Ag NPs is estimated
using the FE-SEM equipment. Initially, colloidal
silver nanoparticles were deposited on glass
microscope slides using the drop casing method.
From the first glance to the FE-SEM shot of the Ag
NPs prepared by varying the concentration, one can
see a homogeneous distribution of Ag NPs in the
shape of nanosphere particles with particle sizes
ranging from nano to nanoscale (15-33nm) as shown
in Fig. (4).

It is obvious that when the reduction period is
short, the particle size is smaller than when the
reduction period is long, and this is correlated with
the color of silver colloidal at light yellow, which
indicates a small particle size, but more color toward
the dark yellow liquid down to brown indicates a
larger particle size with a higher probability of
aggregation formation.
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Fig. (4) FE-SEM images of Ag NPs synthesized after different
reduction periods beyond boiling

The phase structure of synthesized Ag NPs was
studied by recording the XRD pattern of one of the
generated samples using a copper Xx-ray
diffractometer (see Fig. 5). It can be seen that the
diffraction peaks at 26 equal to 32°. Liquid colloidal
Ag NPs must be included into a solid host such as
polymer or sol-gel host to prevent breakdown by
caging it into a solid network, however Ag NPs
stability in liquid phase is a global challenge.

W ‘
W".]‘ Wby J“{‘I
_ ‘W‘P‘M*w{qm*«ﬂ\f" 'Nll"m,.. NS Ae— e wodnind

i

Fig. (5) XRD pattern of Ag NPs synthesized after 5 min.
reduction period and 5.0x10° mol\L concentration

To improve the absorbance of silica xerogel, a
dopant of Ag NPs was added. The purpose of this
section is to explain how silver affects the absorption
spectra of Ag NPs solution and pure silica xerogel
samples, and gives us a simplest insight about the
silver’s behavior in silica network.

The absorption coefficient vs. wavelength of
silica xerogels doped with different amounts of Ag
NPs is shown in Fig. (6). After identifying the
optimum particle size conditions, it can be seen that
the absorption coefficient a()), at the peak of each
band, increases somewhat with increasing Ag NPs
concentration.

10

/T —T12 T3 —— T4 ——T5

J < o

Absorption coefficient (cmt)

325 425 525 625 725 825
Wavelength (nm)

Fig. (6) Absorption spectra of silica xerogel doped with
different concentrations of Ag NPs: T1 = 2.0x10°M, T2 =
3.0x103M, T3 = 4.0x10°M, T4 = 5.0x10°3M, and T5 = silica
xerogel (after 9 min reduction period)

The characteristic vibrational bands of silica were
found inthe FTIR spectra of silica xerogel sample and
silica xerogel doped with Ag NPs, as shown in Fig.
(7), which were prepared under synthetic recipe
conditions of pH 1.5, 1:5:10 volume ratio and
temperature of 80°C, dried at 110°C and sintered at
250°C, and Ag NPs synthesized at 5 min. reduction
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period and 0.5x10° mol/L concentration. The
bending vibrations of Si-O-Si groups cause the
absorption band centered at 460.2 cm?, the
symmetric stretching Si-O-Si groups cause the
absorption band peaking at 810.1 cm™, and the wide
band around 1103.8 cm? is the distinctive Si-O-Si
asymmetric stretching vibrations. The weak band at
964.8 cm, attributed to stretching vibrations of
silanol (Si-OH) groups, suggests that there are just a
limited number of these groups in the silica network,
implying that the condensation reaction is practically
complete. Because the water molecules in the pores
of silica xerogel were not entirely trapped throughout
the drying process at 110°C, two absorption bands
appeared. The first band, which peaks at 1640.7 cm™,
is caused by bending vibrations of the O-H bond in
H>O molecules, whereas the second band, which
peaks at 3440 cm!, is caused by stretching vibrations
of the link. For the pure glass sample sintered at
250°C, however, the first band became very weak and
the second band vanished, indicating that the majority
of H.O molecules are driven out following the
sintering process.

48 —
] silica xerogel
— Ag embedded silica xerogel
42
36
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Fig. (7) FTIR transmission spectra of silica xerogel and silica
xerogel doped with Ag NPs

From the XRD patterns shown in Fig. (8), it is
clear that the presence of Ag NPs inside the silica
xerogel did not affect the random behavior of silica
despite its crystal phase, because the doping rate is
part of million. Also, Ag NPs are located inside the
pores and do not associate with the structural
network, so it does not affect the random behavior of
silica.

4. Conclusions

In concluding remarks, it was shown that the
chemical stability of Ag NPs synthesized by chemical
reduction method at short reduction period after
boiling is higher than that of Ag NPs synthesized at
long reduction period after boiling. As well, smaller
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and uniform distribution of Ag NPs can be obtained
by wusing short period of reduction. At low
concentrations (<10-3M), the SPR was not observed.

— AgNPs
—— AgNPs embedded silica xerogel

silica xerogel

>

@
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[
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Fig. (8) XRD patterns of Ag NPs, silica xerogel, and Ag NPs
embedded in silica xerogel
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Determination of Uranium and
Thorium levels and Measurement
of Annual Effective Dose levels
in Some Canned Foods

Zeena J. Raheem

In this study, the technique of nuclear trace detectors was used to measure the levels of
uranium-thorium concentrations in some samples of canned meat and fish. Sixteen
samples were collected from the local markets of Baghdad - Irag. It was found that the
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levels of thorium concentrations are higher than the levels of uranium concentrations in
all canned meat and fish samples. It was also found that the average annual effective dose
of uranium and thorium in canned meat samples is higher than the average annual

effective dose in canned fish samples. When comparing the practical results with the
internationally permissible results, it was found that the levels of uranium and thorium
concentrations of the studied samples are within the permissible limits.
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1. Introduction

Food of animal origin is among the many products
that provide many important nutrients. Canned
products have a long shelf life and do not need to be
kept at low temperatures, nor do they require special
handling during transportation or distribution
processes [1]. Some chemical preservatives such as
sodium nitrate or potassium nitrate are often added to
canned foods [2].

The levels of radionuclides in foods vary and
depend on several factors. Among these factors are
the type of food and the geographical area in which
these substances were produced, and the common
radionuclides in foodstuffs are potassium (K), radium
(Ra), thorium, and uranium [3].

Uranium is found in a variety of foodstuffs. The
highest concentrations are found in shellfish, and
smaller amounts have been measured in fresh
vegetables, grains, and fish [4]. Uranium travels
rapidly in the bloodstream because it binds primarily
to red blood cells. Although uranium is a non-
essential component of the environment, when it
accumulates in people, it has chemical and
radioactive effects that can pose a number of health
risks. The kidneys, liver, and bones are the main
locations where uranium builds up in the human
body. The main uranium-related chemical
consequence in people is nephritis. The route of
exposure, particle solubility, contact time, and route
of elimination all affect how hazardous uranium is.
Uranium is transported, absorbed, and ultimately may
accumulate in body organs and tissues in the form of
uranyl ions in bodily fluids. Numerous health
organizations worldwide are keeping an eye on the
amounts of radionuclides like uranium to see if they
are within the allowable limit due to the hazardous
consequences they bring [5]. the permissible limit of
uranium given by ICRP (2012) is 1 mSv/year [6].
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The use of Solid State Nuclear Track Detectors
(SSNTD) has become well-known and has been used
in a number of fields, including earth sciences, micro-
pore membrane technology, nuclear physics,
dosimetry, and radiography. The concentrations of
uranium and thorium in a variety of samples,
including soil, water, tissues, and biological
components, are easily determined using these
reagents. It is well known that solid-state nuclear
pathway detectors have advantages over other
detectors due to their long-term trace retention, ease
of use, relatively low cost, and ability to calculate the
alpha track without the use of special electronics.
They also have high sensitivity to heavy charged
particles from nuclear radiation by collecting traces
for a long time and are not affected by various
environmental factors like heat, humidity, or light [7].

In general, canned fish and meat make up a
large part of the food market in the country. Despite
its flavor and nutritional benefits, canned foods may
contain chemical contaminants. The environment is
the primary source of these pollutants, and improper
technological treatment or poor packaging may
contribute to the pollution [3]. The purpose of this
work is to determine the levels of uranium and
thorium in canned foods made with ingredients
derived from animals to determine whether they are
within the allowed limits internationally. In addition,
the health risks associated with the consumption of
this particular group of products have been identified.

2. The materials and methods used

Collection of Samples

For the purpose of measuring the concentrations
of radioactive uranium and thorium, sixteen samples
were collected from different types of canned fish and
meat from local markets in Baghdad, Iraq. Tables
were made for meat and fish samples according to the
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name of the sample and the country of origin, as well
as dividing the samples into two groups, the group of
canned meat and the group of canned fish, as in Table
(1) and (2).

Table (1) Name and origin of canned meat samples

Szg:jp;le Trademark Origin
M1 ALTaghziah, Beef luncheon meat Lebanon
M2 ALTaghziah, Chicken luncheon meat Lebanon
M3 Hana , Beef luncheon meat UAE
M4 Hana Chicken luncheon meat UAE
M5 Tazaj beef luncheon meat Iraq
M6 Tazaj Chicken luncheon meat Iraq
M7 Zwan beef luncheon meat Netherland
M8 Zwan Chicken Luncheon Meat Netherland

Table (2) Name and origin of canned fish samples

St Trademark Origin
code

F1 Al Alali , fancy sardines Saudi Arabia
F2 Milo , sardines in vegetable oil Morocco
F3 SIFA , sardines in vegetable oil Morocco
F4 Bella, sardines in vegetable oil Indonesia
F5 Sardines Rio Mare Thailand
F6 Goody light tuna Saudi Arabia
F7 tuna Rio Mare Italy

F8 Botan ,light meet tuna USA

Sample preparation

To measure uranium and thorium concentrations
in canned meat and fish samples, the samples were
dried for dehumidification by placing them in an oven
for 24 hours at 250°C. After drying, the samples were
ground and sieved with a clamp with a hole diameter
of 1 mm to obtain homogeneous samples. Then, chips
were prepared from nuclear tracer reagent (CR-39)
with the approximate area, with samples of canned
meat and fish, weighing (0.5 g). The powder samples,
after mixing them with certain proportions of starch,
were pressed into a disk of the thickness (1.5 mm) and
diameter (13 mm) using a piston with a pressing force
of up to (15 tons).

Neutron Irradiation method

The neutron activation method was used to
measure the concentrations of uranium and thorium
in samples of canned meat and fish, as well as for
standard samples. The sample discs were placed in
contact with a trace detector (CR-39) in paraffin wax
as a moderator at a distance (5 cm) from the neutron
source (**'Am-Be) with a neutron flux to obtain
thermal neutrons as in Fig. (1) The irradiation period
was seven days, and therefore the samples were
exposed to a flood of thermal neutrons, and through
the nuclear reaction [8], the effects of nuclear fission
fragments were recorded in the detector as [9]
2Be + 3He — '2C + in+5.76 MeV @

The wire used to
move the neutron
souroe

Am-Be

Neutron w-n?\\{]

Purallin wix ‘ - N J
/ \

Pa m?fln Wi ;uidl(nx
+

;. howse \

‘The wire used to move
thye neutron source

Am-le
Neutran source
The samples
between CR-29
detectors

/ \ sample
CR-39 detector —-=\/

t

A nsagnificd shape for o
detector with sample

Fig. (2) Schematic diagram of irradiation of detectors and
samples with neutron source [6]

Then the reagents were taken after the irradiation
period and chemical scraping was performed on them
using a solution of sodium hydroxide NaOH with a
caliber of 6.25N at a temperature of 60°C for four
hours, then the reagents were washed and dried, and
the density of the traces was calculated using an
optical microscope with a magnification of 400X.
The concentrations of uranium isotopes were
calculated using the following equation [10]:

U
CSamples -

cY . .
Calibration .pSample.e (2)
Pcalibration Ryrp

where, psempie A Pearibration are the density of
tracks per cm2in detector for sediment and standards,
respectively. ¢ is the etching efficiency and R.sf is
the effective range [7].

Thorium concentrations in canned fish and meat
samples were calculated using the following equation

Kpp C
pu + prn = Ky. Cy(1 + —;h'cm) 3)
u-tu

where, py and pr, are the track densities on the
detector of U and Th series, respectively. C; and
Crpare the concentrations of U and Th in the sample.
Ky and Krp, are a registration efficiency from U and
Th series,respectively and were determined by using
standard sources, where, py + prp, is the total track
density on CR-39 detector in Eq. (3), if the uranium
concentration is known, the thorium concentration
can be calculated [7].

Calculation of committed effective dose
The total committed effective dose due to
ingestion of radionuclides in canned fish and meat,
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for a given age group, can be determined using the
following equation [11]

Dosegrj = % (DCij X Ry X Cye X 1000)  (4)
where Dosegr; is the committed effective dose
(mSv/year) due to ingestion of radioactive uranium
and thorium found in canned fish and meat of age
group (j) [11].

In this study, the adult age group was selected,
with limits greater than 18 years, according to what
was published by the International Commission on
Radiological Protection (ICRP). DC;; is the ingestion
dose coefficient (Sv/Bq) for radionuclide (i) for each
age group (j).

The International Commission on Radiological
Protection (ICRP) has published dose coefficients for
each radionuclide which take into account the
sensitivity of organs and tissues in the body, the
biological half-life of the radionuclide and the type of
radiation emitted [6].

R, is the consumption rate (kg/year) for the age group
(j) for food type (k)

C;i, is the activity concentration of the radionuclide in
the food (Bg/kg) for radionuclide (i) and food type (k)
[11].

3. Result and discussions

Table (3) shows the results of radioactive uranium
and thorium concentrations in canned meat samples
available in the local markets in Irag. It is noted that
the highest concentration of uranium in the sample
(M8) and the level of concentration (3.502+0.013
Bag/kg) and the lowest concentration level in the
sample (M1) and the level of concentration
(0.634+0.123 Bqg/kg). As for the results of thorium
concentrations, they were higher than uranium
concentrations, the highest concentration level
(13.760£1.987 Bg/kg) in the sample (M7) and the
lowest concentration level (2.897+0.0238 Bg/kg) in
the sample (M8).

Table (3) Concentrations of uranium and thorium in canned
meat samples
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uranium concentrations, the highest concentration
level (15.098+1.98 Bqg/kg) in the sample (F4) and the
lowest concentration level (3.832+0.987 Bg/kg) in
the sample (F3).

Table (4): Concentrations of uranium and thorium in canned

fish samples
S‘Z‘(’;LF;'E 20y Bolkg | %2Th Ba/kg
F1 1.981+1.023 | 7.980+1.034
F2 2.980+0.450 | 5.678+0.987
F3 1.987+0.098 | 3.832+0.987
F4 0.987+0.546 | 15.098+1.98
F5 3.905+1.098 | 12.324+2.89
F6 1.98+0.453 9.546+2.98
F7 3.786+1.034 | 5.986+0.234
F8 1.980+0.094 | 4.989+1.988

Sample | =y Bgkg | 22Th Bafkg
ML | 0634:0123 | 6.894+1.234
M2 | 145020023 | 4.876:0873
M3 | 3.125:002 | 10.234+1349
M4 | 2.813+0191 | 298720235
M5 | 1.9670.106 | 7.345:1.986
M6 | 0.946+0.0876 | 5.872+0.981
M7 | 2.45620.0230 | 13.760+1.987
M8 | 3.502:0.013 | 2.897+0.0238

Table (4) shows the concentration levels of
radioactive uranium and thorium in canned fish
samples. It is noted that the highest concentration of
uranium in the sample (F5) and the level of
concentration (3.905+1.098 Bg/kg) and the lowest
concentration level in the sample (F4) and the level of
concentration (0.987+0.546). As for the results of
thorium concentrations, they were higher than
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Effective doses for canned fish and meat were
calculated for the adult age group and are shown in
Tables (5) and (6). The reference level for exposure
is 1 mSv/year [6], and it was noted in both tables that
the equivalent dose rate from eating canned fish and
meat is within the internationally permissible limits.

Table (5) the effective annual dose of uranium and thorium in
canned meat samples

Si(r)r:jile 238y mSv/year | %*Th mSv/year
M1 0.0014265 0.079281
M2 0.0032625 0.056074
M3 0.00703125 0.117691
M4 0.00632925 0.0343505
M5 0.00442575 0.0844675
M6 0.0021285 0.067528
M7 0.005526 0.15824
M8 0.0078795 0.0333155

Average 0.004751 0.078868

Table (6) Effective annual dose of uranium and thorium in
canned fish samples

Sl 238y mSvlyear | 2?Th mSv/year
code

F1 1.34E-03 0.027531
F2 2.01E-03 0.0195891
F3 1.34E-03 0.0132204
F4 6.66E-04 0.0520881
F5 2.64E-03 0.0425178
F6 1.34E-03 0.0329337
F7 2.56E-03 0.0206517
F8 1.34E-03 0.01721205

Average 1.65E-03 0.028217981

It is noticed in figures (2) and (3) that the average
effective annual dose of uranium and thorium in
canned meat samples is greater than the average
effective annual dose of uranium and thorium in
canned fish samples.

After reviewing the results, we found that
additional research is required to determine the
amount of radioactive uranium and thorium in dietary
staples that may harm human health. Since evidence
on the consequences of poisoning may take a long
time to manifest, the current state of knowledge does
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not permit a categorical declaration that the accepted
toxicological standards are accurate. However,
according to these results, one may conclude that the
concentration levels of uranium and thorium in the
canned foods, mainly fish and meat, in the local
markets of Baghdad city are not hazardous to the
people health.
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Fig. (2) Comparison between the average annual effective dose
of uranium in canned meat and canned fish samples
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Fig. (3) Comparison between the average annual effective dose
of thorium in canned meat and canned fish samples

4. Conclusions

In concluding remarks, it was found that the
average annual effective dose of uranium and thorium
in canned meat samples is higher than the average
annual effective dose in canned fish samples. Also, it

was found that thorium concentration levels are
higher than uranium concentration levels in all
canned meat and fish samples. All samples of canned
meat and fish are considered radiologically safe. The
levels of uranium and thorium concentrations are
within the internationally permissible limits.
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