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Solving Laplace Equation for
Numerical Treatment of Surface
Potential Generated by Laser-
Solid Interaction

In this work, a numerical treatment to solve Laplace equation was presented in order to
determine the electric potential generated at the surface of a solid irradiated by laser
pulses. This treatment was based on the finite-difference method (FDM) to give the
governing partial differential equation for a particular electromagnetic problem. The
experimental data required for the numerical treatment were taken from a solid stainless-
steel 304 sample irradiated by 1.069 um Nd:YAG laser pulses with intensity of 12.4
MW/cm?. The collected results were interpolated as temporal and spatial voltages and
they represent the potential over a lateral distance of 9 mm. The treatment has considered
two main considerations; charge and hole size. A large change in the potential values
appears the interaction zone. This will cause a large electric field. This means that there
is a large force acts on the charges leading to a large acceleration and collision and
therefore provides good ionization and absorption conditions, which was not considered
before. The most important advantage of this method is it can clearly define for the first
time the position of the Knudsen layer, which defines the region where the density,

velocity and pressure changes dramatically.

Keywords: Laser-produced plasma; Field emission; Thermoionic emission, Laplace equation
Received: 11 October 2020; Revised: 18 November 2020; Accepted: 25 November 2019

1. Introduction

Electron emission is defined as liberation of free
electron from a surface of a substance caused by the
external energy transferred to the electrons. The
amount of outside energy required by electron to be
emitted from the metal surface is known as work
function. The work function usually defined in electron
volt (eV) unit [1-3].

The additional external energy required by the
electron to emit from the metal surface could come
from few sources such as heat energy (thermionic
emission), electromagnetic radiation (photoemission)
and/or an electric field (field emission) [4-6].

Accordingly there are three methods of obtaining
electron emission from the metal surface: field
emission, photo emission, and thermionic emission [7].

In electron emission, the additional energy required
by the electron come in the form of electric field .Very
intense electric field is required to produce field
emission [8]. Usually a voltage of the order of a million
volts per centimeter distance between the emitting
surface and the positive conductor is necessary to cause
field emission [9,10]. Field emission can be obtained at
temperature much lower than required for thermionic
emission and therefore it is also sometimes called as
cold cathode emission or auto electronic emission [11].

In photo emission, the additional energy come to
cathode by photons if the energy from photons is
greater than the metal work function the free electron
will knock out from the cathode surface [7]. The
emitted electron called as photo electron. The amounts
of photo electron depend of the light intensity [8].
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Fig. (1) Free-electron model of a metal surface suitable for the
discussion of Field emission process. The tunneling transmission
coefficient T increases exponentially with E as the barrier
becomes more narrow but the density of occupied states available
for tunneling n (E) decreases rapidly above the Fermi energy; the
result is that the product of T and n(E) has a maximum near the
Fermi energy [4]

Photons illuminating a metal surface may also
liberate electrons. If the photon has energy at least
equal to the work function, then electrons will be
emitted [9], i.e.

1< fe 1)

eg

where X is the wavelength of the incident light, ¢ the
velocity of light and h Plank’s constant.

For shorter wavelengths the electrons are emitted
with an initial velocity given by mv?=2(hv — e¢) [10].

Photoelectrons are emitted when a single photon
(quanta) of energy 4v is absorbed by the solid; where h
are Planck's constant and v the frequency of the used
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light [11]. The energy of the photon must be larger than
the energy separation between the top of the valence
band and the vacuum level. At low temperatures and in
metals, this energy is called the work function [12].

L

T

————
»

Maral Zurfcce
Fig. (2) Free-electron model of a metal surface suitable for the
discussion of photoemission processes. When the photon energy
hv is larger than the work function q¢, photoemission of the
photoexcit electron into vacuum is possible [13]

Vacwm

The current density measured at the collecting
electrode is given by the fowler equation
J =CT?F [2=22 @)

kpT
where C is nearly a constant and F is a tabulated
function that is almost exponential [14]

In the thermoionic method, the additional energy
comes to the electron in the form of heat energy, by the
electrons the energy transferred into kinetic energy [1].
Thermionic emission is the escape of electrons from a
heated surface. Electrons are effectively evaporated
from the material. To escape from the metal, electrons
must have a component of velocity at right angles to the
surface and their corresponding kinetic energy must be
at least equal to the work done in passing through the
surface [15].

At any finite temperature there is a small fraction of
electrons that have a thermal energy higher than the
vacuum (Fig. 3) [15].

al £l

(=R

£

Yacuum

Maial Surface

Fig. (3) Free-electron model of a metal surface suitable for the
discussion of Thermionic emission processes. Electrons with
energy greater than EF+q¢ in the higher energy tail of the Fermi
distribution can be emitted into vacuum [12]

The current density can be written as [13]
E E

3,0 = AT [+ —AJexp[—— 3)

24 [ KJ]ﬂﬂ KbT]
where A is referred to as being the Richardson constant
and is given by

_ m'ek} _ 4amm'ekd A
A= 2n2h*3 __ h3 _ 120 cm2KZ (4) .
where m™ is the effective mass, e is the electronic
charge, kg is the Boltzmann constant and h is the
Planck’s constant [14]

2. Governing Equations

The work is based on Poisson’s equation for
potential inside the plasma, which can be written as
[15]
v =~ (5)

Eo

where V?is the Laplacian operator, V is the potential
and p is space charge density

In regions of no charges, the equation turns into
VA =0 (6)

This equation is called Laplace’s equation.

3. Numerical Solution

There are many elegant analytical solutions to
Laplace's equation in special geometries, but
nowadays, real problems are usually solved

numerically [16-20]. Computers and software are now
so powerful that it can be easier to obtain a computer
solution than to find the exact one in reference books.
There are three command methods to finding a
numerical solution [21]:

1. Finite-Difference Method (FDM)

2. Finite-Element Method (FEM)

3. Boundary Element Method (BEM)

In our work, the finite-difference method (FDM) is
used to give the governing partial differential equation
for a particular electromagnetic problem. The steps
involved in the application of the FDM are [21,22]:

1) Dividing the domain of interest into a grid (usually
rectangular) in one, two or three dimensions as shown
below

V(x,y,z) is three dimensional (3D) solution

V(x,y) is two dimensional (2D) solution (no z-variation)
V(x) is one dimensional (1D) solution (no y or z-
variation)

2) Developing algebraic equations, which approximate
the partial derivatives in the governing equations
(difference equations).

3) Solving the set of algebraic equations.

To solve the Poisson's and Laplace's equations
numerically, the region of interest can be divided into
rectangular grid over which the difference equation
approximations to the 2" order derivatives are defined.
The grid points located on the boundaries represent
fixed nodes where the potential is known [23,24]. The
internal grid points from the boundary are defined as
free nodes where the potential must be computed. The
grid points are labeled in the x-direction as i, i+1, i+2,
etc, and we will label grid point in the y-direction j, j+1,
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j+2, etc. In other words, we will write the equations at
all internal nodes of a grid with a regular step size, h, in
the x-direction as Ax, and in the y-direction, as Ay as
shown in Fig. (4).

4 I\ & mows valuer
I o imknovin valies
Iy
i
i 1 T
i1 |
2 F |
:
Iy t {3
0 r
-0 1 2 -l i il -l m i=ntl

Fig. (4) Two-dimensional grid considered in this analysis, where
i is spatial index and j temporal index

In a source-free region (p=0), Poisson’s equation is
reduced to Laplace’s equation
Vi+1,j _Z\/i,j +Vi—1,j +Vi,j+1 _Z\/i,j +Vi,j—1 -0 (7)
AX? Ay?
which is a rectangular-grid 2D Laplace’s equation.
Also,

1 8
v zZWim Vi Vi Vil ©

(]
which is a square-grid 2D Laplace’s equation

The 2D Laplace’s equation on a square grid
illustrates how the potential at any given point is
described as the average of the four surrounding points.
Equation (8) could be expressed in matrix from as
AV =B
For solving a discrete PDE, we use the matrix inverse
method:

V=AB
where V is the potential and A and B are:
-41 0 1 0 0 0 0 O B,
1 -41 0 1 0 0 0 0 B,
0 1 -40 0 1 0 0 0 B,
1 0 0 -41 01 00 B,
A=f0 1 0 1 -4 1 0 1 0| B=|B
001 0 1 -40 01 B,
000 1 0 0 -410 B,
0o 00 0 1 0 1 -41 B,
0o 00 0 0 1 0 1 -4 B

«©

4. Experimental Configuration

A solid stainless steel (St. St. 304) sample was
irradiated by Nd:YAG laser pulses with intensity of
12.4 MW/cm? and wavelength of 1.069 um. The laser
was focused on spot of area 1.38x10-3cm? using a 10cm
focusing lens [18]. The laser pulse is shown in Fig. (5),
which was detected with optical detector.
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Fig. (5) The Nd:YAG laser pulse considered in this work [25]

A surface voltage is generated during the interaction
between laser pulse and the sample and was previously
measured [26] as shown in Fig. (6).

000 — —
- - 12.4 hrksom 2
g —E0.00 — FP =200 um
- i
— 0. G0 , ™71 ¢ T r [ 1]
L z 400 a0
1t * 0.2 (msec)

Fig. (6) The voltage generated on a surface irradiated by
Nd:YAG Laser pulse as function of irradiation time [26]

A floating potential probe was used at a distance
3mm away from the sample surface to measure the
potential of the plasma generated and previously
measured [27].

5. Model Assumptions
To start the analytical modeling of the experimental

results, it was assumed the following to provide a

solution of the problem.

1. Considering the material as a layer that first melts
then evaporates, where the skin depth represents
thickness of this layer and the spot area represents
the area of this layer.

2. The system is placed into an evacuated chamber
where the right and left boundary voltages (Vur and
VpL ) are zero.

3. Neglecting the charge loss produced from
attraction of charge with surface.

4. The net charge, not the positive or the negative
charge, is considered because the data taken from
reference [27] represent the net charge.

5. The ionization by absorption is neglected.

6. No time delay between the charge at the boundary
and the interaction zone occurs. This is needed for
proper time analysis.

7. The charge is not accumulated at the interaction
zone. This is true only for high vacuum.

8. Assume the problem is spatially 3D (x,y,z) and
because of symmetry around z we have considered
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(x,2) for simplicity and reducing matrix size and
time of calculation.

9. The Cartesian coordinates were used because the
charge distribution and motion is not a point source
or cylindrical.

The considered model needs many predefined
parameters as well as numerical solutions of Laplace
and Poisson equations. The working steps are:

5.1 Boundary Conditions Consideration

The values of the boundary conditions are taken as:
(a) Metal surface potential boundary data values are
provided by reference [28], the experimental temporal
voltage variation of the surface is shown in Fig. (7).
This potential is generated from the reaction of the St-
St. 304 sample with the Nd:YAG laser pulses of
incident intensity 12.4 MW/cm?

il rin } .Il:i f_I tg 'J_.-"‘
|
J1 ! | 134 Mirfom 2
Cl 11 |
=1 |
= —gaon o | [ FF =-F00 um
= 11 l |
= N | 1
- X | |
=1 E.0F T :: T |! T T |I| T ]
a0 2.00 4.0 a0

t “0.2 (msec)

Fig. (7) The instantaneous potential difference measured over
time provided by [28]

Using least square fitting (LSF) to represent these
results with polynomials yields the results shown in the
appendix, where t;, t; and t3 are selected times on the
curve shown in Fig. (7). The data (-) and polynomials
(*) are plotted and shown in Fig. (8) and a good
agreement is observed.

QI

+ Fi

amf 1

e

“olaqei o)

Ak

Eik ] L
Troesee)

Fig. (8) The representation of the experimental data and curve
fitting polynomial of the potential

(b) The boundary data at a distance of 3mm away from
the surface is taken from the experimental result of
reference [29], which measured the temporal voltage
using three floating probes: one single cylindrical and
two circular (4.5 and 9 mm in diameter). These results
are collected and interpolated as temporal and spatial
voltages and they represent the potential over a lateral
distance of 9 mm. We can see that in Fig. (9).

ok g Takmn om0

i Lazvaisly - wosdian icmg

Fig. (9) The temporal variation of voltage at the probes taken
from [29]

In this work, the dimensions of the target are
5x2mm?, therefore, the potentials were selected over a
central distance of 5 mm instead of 9 mm and for the
same durations, as shown in Fig. (10). They are
considered as the upper boundary conditions.

v estn led wilipe

ot)

voRnge b

trve econg) positan (s

Fig. (10) New estimated voltage at a lateral distance of 5mm

5.2 The Charge Consideration

The values of the charge density were taken from two
resources:

First: values obtained from [29] are the values of
charge density for different time and space from the
center point where the laser interaction with solid as
shown in Fig. (11). The data were integrated as:

49
p)= [ p(xt)dx ©)
x=-4.9
The values of p(X,t) are taken from all the range
in Fig. (12). This charge is assumed to exist in the hole
based on the following assumption from charge
reservation law:

Qprobe = Qhole
pprobeAprobe = phoIeAhoIe
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where pprobe, Phole, 8N Aprobe, Anole are charge densities
and surface areas of probe and hole, respectively

This charge may be distributed on the first layer of
the hole, or overall the layers of the hole. For the first
layer

Jpprobe
lest
where Hyist and Hy are the number of points of 1% layer

(hole) and one layer, respectively, L and t are the length
and thickness of the probe, respectively

(10a)

(I-probet probe) = phole(th w)

For all layers
Jpprobe
H (Lprobet probe) = phole(thw) (10b)
wall
surtace 3.0 phat of charge darcty data taken fom ref (00
& s
:
Fig. (11) Surface of 3D plot of charge density data
sirfacs 20 ook of Tew eoSmated thange deoaity
M
1]
X
g

e (second) 0 .08

Fig. (12) Surface 3D plot of new estimated charge density

Second: Using thermal emission, we have calculated
the total current density as [30]
J=A"T2exp (-Ew ksT) (12)
where A" is Richardson constant (A/cm?.K?), T is the
temperature (K), Ew is the work function (J). The
electronic current density can be obtained by
Je= A" T2 exp (-Ew/ksT) = 138.936 A/cm?
I =JxA=736.365036397x103 A
Q = | X tiayer = 3788.64252135x10° C

The charge appears to be very small compared to
that calculated from probe measurements. Therefore,
we will use the charge from these probe measurements.
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5.3 Hole Size Consideration

1. A fixed hole size of 1x1 mm was considered.

2. A variable hole size was considered. It was taken
from previous heat model of reference [31] who
considered removing a skin layer according to the
deposited variable heat delivered by the laser source.
The number of layers is temporally varied and changes

as:

% =-9.6938e +024t° + 2.6055e + 023t° — 6.3024¢e + 020t * + 6.1694e + 017t>

—2.9029¢ +014t* +5.6906€ + 010t + 30932

We have derived the size from the following
equation;
Zy (size of hole) = n. (number of layers at that time) x
Z, (size of layer)
where Z, (size of layer) = & (skin depth) x A (spot area)
the skin depth = 107 cm, and the spot area = 1.38x10
cm?

This is satisfactory if we are looking for the
variation of voltage over all space over the surface up
to upper boundary.

6. Solution of Potential Equation
The potential over the surface up to the boundary is
derived by solving Possion's equation numerically [32]

vy =~ (12)
(C;O
The 2D Poisson's equation in rectangular
coordinates is written as
vy -2V, VP (13)
OX oy Eo

To solve the Poisson and Laplace equations
numerically, the same steps were used as discussed
before.

In our case, the nodal grid that is created and used
in the derivation of the finite difference equations. A
grid is spaced every 5x10%/d cm along the horizontal
and vertical axis to ensure that at least 31 nodes are used
in obtaining the potential distribution as shown in Fig.
(13).

| :

Ao

-
r F E ] m

Fig. (13) Nodal grid formed in order to derive the finite difference
equations

A 31x31 grid size was used to represent reasonably
the actual size 5x5mm and 2mm of the metal surface.
Execution of a program with this size of grid is fast
since matrix size is not large. Although the program is
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made flexible to any size, but MATLAB for larger size
would be slow.

6.1 Charge consideration

The charges collected on the probes are considered
to be the same as in the hole. This is calculated as:
Q) = Porobe ) L = onote 9 W (14)
where L is the boundary length, W is the hole length,
Porobe(y) 1S the temporal charge density on the probe and
Prole(y 1S the temporal charge density in the hole

This charge may be divided equally on the first
layer of the hole points or may be divided entirely over
all the hole size (2D). The problem is also solved with
no charge (V2V=0) Laplace's equation for comparison.

7. Model Description

Analysis of the plasma potential production from
interaction of a laser beam with a workpiece is based
on development of a two-dimensional model for the
geometry shown in Fig. (14).

The laser beam is characterized by its wavelength 4,
the beam spot radius wo at the surface, the skin depth ¢,
and the power density I within the spot. The workpieces
were secured by a rectangular plate with a square hole
in the middle, so that the laser beam could irradiate the
exposed workpiece in the middle of the clamp plate.

Incident Lassr Usam

/sinage
jcprabe Rirng Pralie (dumm)
=il < Rlng Prode Tusn

Loje
Wedrraclioem e
Suhsbace
34, 51 UMY

. "
e e

Fig. (14) Schematic description of the boundary conditions of the
mathematical model used in this work

The model described in this research to explains a
physical matter that can be described as formed of a
material (St. St. 304) of 2mm thickness and 5mm
length, three probes (single cylindrical, and two ring
probes of 9 and 4.5mm diameters) at a distance of 3mm
from the target, where the values produced from these
probes were assumed as boundary conditions for the
upper limits of the model and the boundary condition
of the lower limit of the model have been taken from
references [33-35]. Finally, the boundary conditions on
the left and right side of the mathematical model has
been assumed zero considering that the system is

located in an evacuated chamber, as shown in Fig. (14).
The results have taken into account all the variables
mentioned above according to the following diagram.

8. Results and Discussion

The problem is also solved with no charge V2V =0
Laplace’s equation for comparison. We have solved the
problem with not hole and with only metal surface
potential boundary data values as shown in Fig. (15).

The problem was solved in the same case as in the
case given above over but with metal surface potential
boundary data values and with boundary data at 3mm
away from the surface as shown in Fig. (16). Also, we
have solved the problem with hole but we may consider
affixed hole size (1x1mm) and with only metal surface
potential boundary data values as shown in Fig. (17).

The problem is solved in the same case as before
but with metal surface potential boundary data values
and with boundary data at 3mm away from the surface
as shown in Fig. (18). We also have solved the problem
with hole, and we may consider hole size a variable
with time but with only metal surface potential
boundary data values as shown in Fig. (19).

We have solved the problem in the same case as
before but with metal surface potential boundary data
values and with boundary data at 3mm away from the
surface as shown in Fig. (20).

By comparing the results, the step in the potential
due to boundary condition appears small because of the
scale range. The potential Gaussian distribution doesn't
appear in Fig. (15). This is clearly demonstrate how
importance to consider the potential in the interaction
zone. By comparing the results of figures (16 to 20)
with the corresponding cases in Fig. (16), they
demonstrate the same importance of the existence of
the potential.

Plotof V vt t = 0.0001sec

Fig. (15) The solution of the problem with not hole and with only
metal surface potential boundary data values
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Fig. (18) The solution of the problem in the same case as before
but with metal surface potential boundary data values and with

Fig. (16) The solution of the problem in the same case as before boundary data at 3mm away from the surface

of over but with metal surface potential boundary data values
and with boundary data at 3mm away from the surface.
Boundary data at 3mm away from the surface
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Fig. (19) The solution of the problem with hole, and we may
Fig. (17) The solution of the problem with hole but we may  consider avariable hole size with time but with only metal surface

consider affixed hole size (1x1mm) and with only metal surface  Potential boundary data values
potential boundary data values
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Plot of V witn t = 0.0001sec

Plot of V witn t = 0.0002sec

Fig. (20) The solution of the problem in the same case as before
but with metal surface potential boundary data values and with
boundary data at 3mm away from the surface

9. Conclusions

According to the results obtained from this work,
the following remarks can be concluded. A large
change in the potential values appears the interaction
zone. This will cause a large electric field. This means
that there is a large force acts on the charges leading to
a large acceleration and collision and therefore
provides good ionization and absorption conditions,
which was not considered before. The most important
advantage of this method is it can clearly define for the
first time the position of the Knudsen layer, which
defines the region where the density, velocity and
pressure changes dramatically. For comparison, we
have calculated the potential where boundary voltage,
charge and hole are removed. This comparison clearly
shows that the potential changes mentioned previously
are genuine effect. The amount of the potential gradient
depends on the charge. The symmetry of the potential
distribution is affected by the boundary condition,
while the value of the potential proportional to it.
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Appendix

V1(t)=8.758231326297914e+023t°-

9.647570877481166e+020t°+4.3214683770712e+017t*+1.004569463264522e+014t3+1.274971036417507e+01

0t2-8.371153279949487e+005t+2.221652415436611e+001  for

0<t<t

V,(t)=-4.216190398182638e+010t3+4.106638304623091e+007t2 -

1.283412744333760e+004t+1.211358590639905e+000
V3(t)=1.058336673315529e+001t%-8.700171524786168e+001t-3.133347479914106e-002 for

for Lh<t<t
L<t<ts
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Preparation and
Characterization of Anatase
Titanium Dioxide
Nanostructures as Smart
and Self-Cleaned Surfaces

Highly-pure titanium dioxide (TiOz) thin films were prepared by dc reactive
magnetron sputtering technique onto glass substrates after different deposition
times. The XRD pattern of TiO2 powders extracted from the thin film samples
showed intense and sharp reflections from the crystal planes belonging to the
tetragonal anatase phase of TiO2. As well, scanning electron microscopy has
confirmed the formation of smooth and well-dispersed nano-surfaces. The
optical measurements in the wavelength range 300-800 nm have confirmed
that the energy band gap of the prepared films was ranging in 3.2-3.4 eV. The
contact angle measurements were carried out using the sessile drop method as
the contact angle of water droplet on the surface was measured before and
after irradiation of these surfaces with UV radiation. The results showed that
the contact angle of water droplet on the TiO2 surface decreases after 30
minutes of UV irradiated for all samples, which confirms the high hydropholic

characteristics of these samples.

Keywords: Contact angle; Smart surfaces; Self-cleaned surface; Titanium dioxide
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1. Introduction

The development of smart surfaces with
switchable wettability have attracted numerous
applications including fog-free eyeglasses and
windshields, and self-cleaning cloth and glass [1].
With superhydrophilic property, TiO. has become
one of the most attractive self-cleaning materials in
the last two decades [2,3]. Nevertheless, the
practicability superhydrophilic of TiO, films is
limited as the ultraviolet (UV) irradiation is required
to create the hydrophilic domains. Furthermore, when
UV illumination is switched off, the TiO, film loses
its superhydrophilic quality within minutes to hours
[4]. Hence, the motivation of this work is to develop
a TiOy film with permanent superhydrophilic wetting
and antifogging without need for UV activation [5].

The wetting of a solid with water, where air is the
surrounding medium, is dependent on the relation
between the interfacial tensions (water/air,
water/solid and solid/air). The ratio between these
tensions determines the contact angle between a water
droplet and a given surface. A contact angle of 0°
means complete wetting, and a contact angle of 180°
corresponds to complete  non-wetting  [6].
Hydrophobic surfaces with low wettability and
contact angles of about 100° are known for a long
time. The higher this angle the lower is the value of
the adhesion work. Decreasing of the contact angle
leads to enlarged values of the adhesion work
(hydrophilic surfaces) [7].
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By transferring the microstructure of selected
plant surfaces to practical materials, super-
hydrophobic surfaces could be developed. The water
repellency of plant surfaces has been known for many
years. That water-repellent surfaces also indicate self-
cleaning properties those been completely
overlooked. ~The correlation  between the
microstructure, wettability and contaminants in detail
using lotus leaves was investigated and proved [8].
This was called the “Lotus Effect” because it can be
demonstrated beautifully with the great leaves of the
lotus plant. The micro-rough surfaces show contact
angles higher than 130° [8]. That means the adhesion
of water, as well as particles, is extremely reduced.
Water which contacts such surfaces will be
immediately contracted to droplets [7]. The particles
of contaminants adhere to the droplet surfaces and are
removed from the rough surface when the droplets
roll of [8].

Different deposition techniques can be used to
form titanium oxides films, including plasma-
enhanced chemical vapor deposition (PECVD) [9],
reactive evaporation [10], spray pyrolysis [11], sol-
gel method [12], electron beam evaporation [13], and
dc reactive magnetron sputtering [14-16].

This work focuses on preparation of TiO; thin
films were by dc reactive magnetron sputtering
technique. The structural and spectroscopic
characteristics of these thin films were studied. In
addition, a smart self-cleaning surface was fabricated
and characterized from the prepared TiO2 samples.
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2. Experimental work

A homemade dc reactive magnetron sputtering
system was used to deposit TiO- thin films on glass
substrates. The chamber was pumped down by a two-
stage Leybold-Heraeuos rotary pump (24 m%h) to a
base pressure of about 5x10° mbar. The vacuum
chamber was cleaned by using glow discharge for
five minutes with 10 mA discharge current to remove
contaminants on electrodes and inside chamber.
Then, the chamber was filled with argon and oxygen
gas mixture (1:1) to about 2.5x10' mbar total
pressure. A titanium sheet with purity of 99.9% was
used as a sputtered target. The discharge current was
maintained at 50 mA and the inter-electrode distance
was maintained at 4 cm while deposition time was
varied (1, 1.5, 2, 2.5 and 3 hours). More details on the
dc reactive magnetron sputtering system can be found
elsewhere [17-25].

In order to study the structural properties, the
crystal structure was analyzed with a Shimadzu 6000
X-ray diffractometer system in which the source of
radiation is Cu(ka) with wavelength of 1.5406 A. A
double-beam METERTECH SP8001 UV/Visible
spectrophotometer was used to measure the
spectroscopic characteristics of the prepared samples
in the spectral range of 300- 800nm. The prepared
nanostructures were introduced by a JEOL JSM-5600
scanning electron microscope (SEM).

A new technique was used to extract nanopowders
from thin films deposited on glass substrates [26,27].
In this technique, the film sample is maintained on a
copper plate and cooled down to -20°C using a high-
efficiency freezing unit. The sample was then
exposed to ultrasonic waves generated by a Triode
R.F. Oscillator and two transducers operating in the
frequency range of 3-50 MHz.

Hydrophilic behavior was evaluated by measuring
the contact angle of a water droplet on the films using
contact angle device. A water droplet is injected on
the surface of the film using micro-injector (2ul)
syringe pointed vertically down onto the sample
surface. High resolution camera with macro lens
which captures the image of the water droplet, and
then analyzed using analysis software.

3. Results and Discussion

As shown in Fig. (1), intense and sharp peaks are
seen those belong to the tetragonal crystallography of
the anatase phase of TiO,. All diffraction peaks
identified and located at 25.5, 38.1, 48.36, 54.3 and
55.32 are indexed as anatase TiO, according to the
JCPDS 21-1272 [28]. These peaks correspond to
reflections of (101), (004), (200), (105) and (211)
planes, respectively. As shown, TiO, nanopowder is
polycrystalline with preferred orientation in (101)
direction. The single phase (anatase) of TiO, was
produced by preventing the effect of heat during the
deposition process of TiO; film on the substrate. At
temperature of about 600°C, the anatase phase

converts into rutile, therefore, the temperature of the
substrate placed on the anode surface is reduced by
cooling with circulating water at 10°C [29].
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Fig. (1) XRD pattern of TiO, nanopowder prepared using 1:1
Ar:O; gas mixture after deposition time of 1.5 hours

Figure (2) shows the spectral transmittance of the
prepared films in the spectral range of 300-800nm. It
is clear that the transmittance is increased with film
thickness and all samples shows higher absorption in
the UV region and low absorption in the visible
region while they are approximately transparent in the
near-infrared (NIR) region. Obviously, the absorption
edge of TiO; thin films lies in the range 360-390nm
as the transmittance was rapidly increased in the
visible region , which may be attributed to the
presence of larger crystallites and hence higher
scattering due to the surface roughness [30].

As the film thickness was increased by 100%, the
energy band gap was decreased by 0.2 eV (from 3.4
to 3.2 eV). This is necessary to employ these films in
some spectroscopic applications requiring thin films
to absorb in both UV and visible regions, such as
photocatalysts and solar cells. The increase in energy
band gap with decreasing film thickness has an effect
on the hydrophilic behavior of the prepared samples
as this behavior highly depends on the saturation of
amount of absorption light.

Table (1) Results of the thickness and energy gap of TiO, thin

films
Deposition time Film thickness Energy gap

(hour) (nm) (eV)

1 106.4 34

15 159.6 3.35

2 190 33

25 209 3.25

3 212.8 3.2
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Fig. (2) Transmission spectra of TiO, thin films prepared after
different deposition times

The FESEM images in Fig. (3) show surface
morphology of the TiO; thin film sample prepared
after deposition time of two hours. Smooth and
uniform morphology surface is observed with the
presence of granular grains. The nanoparticles show
alignment and homogeneous distribution (with no
voids), but their diameters are rather uniform. The
surface also contains polyhedral shells distributed
dispersively on the substrate, with some of them line
up along the nanoparticles. These images also show
small granular grains distributed throughout the
surface without any cracks. The surface is composed
of spherical grains of average size 60-80 nm.

The prepared thin films were irradiate with a 18W
UV source in the spectral range 200-400nm at an
intensity of 10 mW/cm? for two different times. The
contact angle measurements were performed in air
using the sessile drop method. The contact angle of a
water droplet was measured on the surface before and
after irradiation with UV light for 15 and 30 min.

Figures (4-7) and table (2) shows the results of
measuring contact angle of water droplet on the pure
TiO, surface. Most samples showed that the contact
angle was decreased after 15 and 30 min of UV
irradiation. The sample prepared after deposition time
of 1 hour showed lower thickness and higher surface
roughness. This factor has the most effective role on
the degree of hydrophilicity. The prepared samples
have high hydrophilicity that increased with
increasing film thickness. The good super-
hydrophilic wetting and antifogging effects were
attributed to the highly accessible pores developed on
the TiO, coated slide, on which the water droplets can
be sank. The hydrophilic behavior of the prepared
samples depend on the exposure time required by the
UV light to reach saturation point.
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Mashhad (MUMS)

Fig. (3) FESEM images of pure TiO, films at two different
scales (200 nm and 500 nm)

Table (2) Results of contact angle measurements of TiO,
samples before and after 15 and 30 min of UV irradiation
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a 1 67.2° | 26.05° 16.56°
b 1:30 36.77° | 64.78° 9.54°
c 2 80.07° 14.1° 38.16°
d 2:30 32.01° | 45.47° 56.09°
e 3 49.19° 9.77° 34.56°
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Fig. (6) Images of water droplet on the TiO, surface after 15
min of irradiation with UV light
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(
Fig. (7) Images of water droplet on the TiO, surface after 30
min of irradiation with UV light

4. Conclusions

DC reactive magnetron sputtering technique was
used as a reliable and flexible technique to prepare
highly-pure anatase TiO; thin films. The structure of
TiO, films was tetragonal polycrystalline with a
preferred orientation in the (101) direction. Optical
measurements showed uniformity and good quality of
the prepared films. All prepared samples showed that
the contact angle of water droplet on the surface of
TiO2 thin films was decreased after 15 minutes of UV
irradiation.
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1. Introduction

Silicon-Germanium (SiGe) technology provides
the option of bandgap engineering along with the
compatibility with the present day Si process
technology and hence provides the option of
integrating the SiGe technology for advancement of
present day device field. Extremely high cut-off
frequency of 30 GHz and maximum frequency of
oscillation of 50 GHz in the Si/SiGe/Si NPN double
heterojunction bipolar transistors (DHBTSs) had
already been reported for use in mobile
communication applications [1]. One important
aspect of operation of SiGe devices is their
requirement of operation at high current densities to
achieve high cut-off frequency performance.
Moreover, the scaling down of present day
electronic devices forces the operation of these
devices at very high collector current densities (>10°
Amp/cm?).  Therefore, the operation and
performance of SiGe heterostructure transistors at
high collector current densities is of prime concern
for the microelectronics researchers and process
engineers [2].

It has been already reported that the NPN
Si/SiGe/Si DHBT structures exhibit rapid fall in the
current gain at high collector current densities [3].
This rapid fall in the current gain leads to the fall in
transistor efficiency and make it impractical for use
at high collector current densities. The degraded
current gain at high collector current densities in
DHBT structures is attributed to the formation of
retarding potential barrier for electrons at base-
collector junction [4]. The velocity saturation of
electrons in collector and the valence band offset for
holes at base-collector junction leads to the
formation of retarding potential barrier. The analysis
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of NPN Si/SiGe/Si DHBT structure by Cottrel and
Yu [3] shows the drop in the collector current
density curve as the forward base-emitter bias
exceeds approx. 0.77 volts, predicting a sharp fall
off in current gain of the transistor above 0.77 volts.
Therefore, some alternate HBT structures without
valence band offset for holes at base-collector
junction need to be evolved for improving the
transistor current gain and efficiency at high
collector currents [1].

In the present work, the conventional NPN SiGe
DHBT structure with uniform 20 at% of Ge in base
is simulated to supplement the earlier reported
results on the formation of retarding potential
barrier. These results are used as the basis for
comparing the structures evolved to improve the
current gain at high current densities. The objective
has been to transform the base-collector
heterojunction with the closest approximation to
homojunction. Therefore, in the present work the
GHBT structure with a uniform Ge at% in base
region and a linearly graded germanium at% in
collector has been chosen with a perfect
homojunction at base-collector metallurgical
junction [4]. The base-collector homojunction
completely inhibits the formation of retarding
potential barrier due to valence band offset and the
grading of germanium ensures the strained behavior
and stability of the SiGe layers [5]. A further
advantage of choosing the NPN GHBT structure lies
in the fact that the process of growing a box-type
uniform SiGe base layer over a linearly graded SiGe
collector region is more practical to achieve
dislocation free strained base and collector SiGe
layers [4].

PRINTED IN IRAQ 19



A two-dimensional MEDICI device simulator,
known for its authenticated results at the device
level for SiGe HBT structures [6,7], has been used
in the present analysis and the high doping and
electric field models have been included. The
performance of both the HBT structures for current
gain is compared and authenticated by investigating
the conduction band electron energy, net carrier
concentration profiles, metallurgical junction, and
dependence of collector current density on base-
emitter bias voltage. A theoretical formulation has
been provided to supplement the improved
performance obtained in the proposed Si/SiGe/SiGe
heterostructure in comparison with SiGe DHBT
structure.

2. Theory

In NPN silicon BJT the finite electron
concentration nc in collector-base space charge layer
is necessary to sustain the flow of collector current
in the transistor. An expression relating the electron
density nc with the collector current density J. for the
constant drift velocity vusa condition is given as [8]:
‘]c = qusatnc (1)

At sufficiently high collector current density the
high electron concentration in the space charge
region of collector lowers the potential barrier at
base-collector junction. This leads to the onset of
Kirk phenomenon [8,9] where the base-collector
junction shifts into the collector space-charge region
resulting in the vertical widening of the effective
neutral base region width. The total voltage across
base-collector junction (Viciwot) is the sum of built in
potential barrier at base-collector junction (Vi) and
the terminal base-collector voltage (Vie). At the
onset of Kirk phenomenon, (at Kirk current density
Jx), the electron density in base-collector space
charge region, n¢ (= n, electron density at start of
Kirk effect), is related with the device parameters
and Vot by the expression:

n, =N, + [(2;:)%} @

c

where N is the collector-doping concentration, ¢ is
the dielectric constant for Si, g is the electronic
charge and W, is the collector width as now whole
collector width corresponds to space charge region.

In Si BJT, at the onset of Kirk phenomenon,
holes are injected into the collector from the base to
compensate the electron charge in collector,
resulting in the formation of the current induced
base. However, for SiGe DHBTSs having a sizable
alloy mole fraction, there is a valence band
discontinuity for holes at base-collector junction.
This valence band discontinuity suppresses the hole
injection into the collector as nc exceeds n.
Eventually, there will be an accumulation of mobile
electrons in collector due to velocity saturation and
an accumulation of holes in base due to valence band

IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 16, No.4, October-December 2020, pp. 19-23

offset at base-collector junction. The combination of
these mobile electrons together with localized holes
form a dipole layer and in turn give rise to an electric
field Eo. A further increase in the collector current
density will consequently increase the dipole
strength and increases the electric field Eo. The
presence of the electric field Eo at base-collector
heterojunction gives rise to a retarding potential
barrier (Vpp) in conduction band, which would
oppose the electrons flowing from emitter to
collector through base. An increased electron
density in the base at base-collector junction Ny is
now required to support and maintain the electron
density nc and collector current density J.. The
electron density nc in base-collector space charge
region for collector density J., in SiGe DHBT
derived from the basic Poisson’s equation is:

n, =N, + [(zg)v—“““ - E‘)WCJ ®)
qW,

The electron density in base at base-collector
junction nwp) required to maintain the nc inside base-
collector space charge region is simply given by
using current continuity and Boltzmann statistics
across the retarding potential barrier Vi :

qu p
KT

where KT/q = Vr is the thermal voltage
The retarding potential barrier Vy, for electrons
can be expressed as:

V,, = AE,

Ny = N €XP (4)

+ KT In J—C_&_M )

2
qusatN b N b qN ch
where AE, is the valence band discontinuity for
holes and Ny is the neutral base width.
Solving Eq. (3), (4) and (5) for a uniformly
doped base gives the effect of bias dependent

retarding potential barrier Vi, and base-emitter
biasing Ve on the collector current density J. as:

(qvbe+AEv—pr)
KT

2
Je= (qD”n"’ ¢ (6)

WbNb %I’]

"
N D,.e
vadsat

where, njo is the intrinsic carrier concentration. The
modified value of electron density in base at emitter-
base junction n(y in term of Vy, is expressed as:

qVv
Ny = (nc (Vdsatvvb ))+ n eXp( K'r'pJ (7)

1
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where [n¢ (vasat Wh) / Dnp] is the electron density in
the base at the base-emitter junction corresponding
to the electron density in base-collector space-
charge region n¢

The second term in Eq. (7), [nc {exp (qVip/ KT)}]
is the electron density in base at the base-emitter
junction as a result of increased electron
concentration in base at base-collector junction
because of the retarding potential barrier at base-
collector junction.

The relation of the effective band offset oy and
valence band discontinuity AE, with ny and Vi ( for
a specific Jc) is expressed as:

n NN
EANLAN

2 2
N N
Vbe — i0 i0 (8)

_dE)
L9

The substitution of the expression for ny from
the Eq. (7) in Eq. (8) predicts the necessity for an
increase in Vpe to account for the increase in ny
required to sustain the collector current density Jc.
This requirement of increase in Vye for a given
collector current density J. will be reflected as a fall
in the current gain of the DHBT structure. This
prediction is consistent with the discussion of Eq. (6)
where an increase in retarding potential barrier Vyp
at high collector current density predicts a fall in the
DHBT collector current density J. and current gain.

The analysis of SiGe DHBT illustrates the
formation of retarding potential barrier at base-
collector junction due to valence band offset for
holes. The theory also predicts a fall in the current
gain at high collector current density as a
consequence of this retarding potential V.
Whereas, the proposed GHBT structure with
uniform Ge profile in base and grading of Ge at% in
collector avoids the retarding potential barrier for
electrons at base collector homojunction.
Consequently, this structure promises an improved
current gain at high collector current density in
comparison with SiGe DHBT structure.

3. Simulation Results for SiGe DHBT and
GHBT Structures

The current gain performance of the NPN
Si/SiGe/Si DHBT and proposed NPN Si/SiGe/SiGe
heterostructure is compared for identical device
dimensions, doping densities and bias conditions.
The surface emitter doping of 5 x 10'° cm?and its
thickness We; of 0.2 um is chosen to provide ohmic
contact. The emitter doping of 1x 10° cm™ and its
thickness We, of 0.1 pum is selected to lower the
emitter-base. The base thickness Wy of 0.05 um with
a uniform base doping of 8 x 10* cm is chosen in
both the structures. The collector doping of 1 x 107
cm3and thickness W, of 0.45 um have been chosen
in both the structures.
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The germanium profile in different regions of
Si/SiGe/Si DHBT and Si/SiGe/SiGe HBT structures
is shown in Fig 1. An optimized mole fraction of
germanium has been chosen to retain the strained
behavior and stability of SiGe regions [5]. A
uniform 20 at% Ge has been chosen in the base of
conventional Si/SiGe/Si Double HBT (DHBT)
structure, whereas its collector does not contain any
germanium mole fraction. The base-collector
homojunction, in the proposed Si/SiGe/SiGe
Graded HBT (GHBT) structure has been ensured by
choosing a uniform 20 at% Ge in base and tapering
it linearly to zero at% Ge at the collector ohmic
contact.

20_+GHBT o ]
—e—DHBT r “ W
X 15} 1
S *
% 10t J R |
= -
S T GHBTA\* _
o}
& DHBT AN
Of— ook oo o o

0.0 0.2 0.4 0.6 0.8
Depth (microns)

Fig. (1) Ge profile in the emitter, base and collector for the
SiGe DHBT and GHBT. We, Ws, and W. are the total emitter,
base, and collector width, respectively in the HBTSs.

The chosen operating conditions of SiGe DHBT
and GHBT structure ensures the performance
evaluation in the high collector current density
region (>10° Amp/cm?). The simulation results on
conduction band electron energy for both the
structures include the influence of valence band
offset for holes and bandgap narrowing due to the
heavily doped base. The electron energy profile
shown in Fig. 2, for the collector current density of
9.22 x 105 A-cm?, predict the total retarding
potential barrier Vy, of approx. 0.09 eV for the
conduction band electrons at the base-collector
heterojunction in the SiGe DHBT structure. The
valence band offset for holes at base-collector
heterojunction is observed to contribute 0.06 eV in
the total retarding potential barrier in the DHBT
structure. This is obtained by excluding the
influence of heavy doping effect on band gap
narrowing in the base. The simulated result is
consistent with the retarding potential barrier of
approx. 0.058 eV obtained by solving Eqg. (5) for
SiGe DHBT accounting only for the valence band
offset for holes. Whereas, the formation of such a
retarding potential barrier (due to valence band
offset for holes) is prohibited by the base-collector
homojunction in the GHBT structure. Therefore the
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simulation results shown in Fig. 2, for the collector
current density of 1.6 x 10° A-cm? in the GHBT
structure, exhibits a small potential barrier of 0.03
eV, which is solely attributed to the high doping in
the base. The retarding potential barrier of 0.06 eV
in the DHBT structure leads to accumulation of
mobile electrons at base-collector heterojunction.

0.0 . . . .
* GHBT
01f *g -, ® DHBT |
s % .
202} b Bt W ]
> |__ *
o W-| .
2 -03F b ]
2 Retarding potential barrier
© a4l forelectronsfor DHBT |
°©
i V. =11V
U 05FVhe =+ . ]
ce
-0.6 L . .

0.2 0.3 0.4 0.5 0.6 0.7

Depth (microns)

Fig. (2) Conduction band electron energy Ec for SiGe DHBT
and GHBT including the effect of valence band offset and
band gap narrowing. Wy is the base width

The variation of net carrier concentration with
the vertical depth of the SiGe DHBT and SiGe
GHBT structures for the chosen bias conditions is
shown in Fig. 3. A net carrier concentration of 8.11
x 10 and 3.93 x 10*° cm is obtained in the base of
DHBT structure at emitter-base and base-collector
junctions, respectively. This corresponds to an
electron concentration of 4.36 x 10%° cm and 2.92
x 10%° cm® in the base of DHBT structure at the
corresponding metallurgical junctions. Whereas, a
lower net carrier concentration of 6.34 x 10% cm3,
which corresponds to an electron concentration of
1.86 x 10% cm, is obtained, for a higher collector
current density of 1.6 x 10% A-cm at base-collector
junction in the base of GHBT structure. The
simulation results predict an electron concentration
of 3.07 x 10*° cm™ at the emitter-base junction in
GHBT structure.
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Fig. (3) Net carrier concentration in SiGe DHBT and GHBT
at collector-emitter voltage Vce of 2 Volts and base-emitter
voltage Ve 0f 1.1 Volts. Wh is the base width

This increase in electron concentration at both
the metallurgical junctions in the base of DHBT
forces the requirement of an associated increase in
base-emitter biasing voltage Vpe.

The dependence of collector current density Jcon
the base-emitter bias voltage Vi, for the DHBT and
GHBT structures, is shown in Fig. 4. The results
predict the requirement of base-emitter bias voltage
of 1.1 volts for the DHBT and 0.97 volts for the
GHBT structure to sustain the collector current
density of 9.22 x 10° A-cm2. The base-emitter bias
voltage for the GHBT structure is observed to
increase linearly with the collector current density.
Whereas, the collector current density for the DHBT
structure approximately saturates above the base-
emitter bias voltage of 0.98 volt. Therefore, at higher
collector current densities the DHBT structure needs
higher base-emitter bias voltage in comparison with
GHBT structure, for sustaining the same collector
current density, which will adversely influence the
current gain of DHBT in comparison with GHBT
structure.
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Fig. (4) Dependence of collector current density Jc on base-
emitter bias voltage Ve

The dependence of current gain on the collector
current density for the DHBT and the GHBT
structure is shown in Fig. 5. The monotonically
decaying behavior of current gain in both the
structures for the collector current densities less than
4.0 x 105 A/lcm? is attributed to the Kirk effect [5]
and high-level injection of minority carriers in the
base. At higher collector current densities (>4.0 x
105 A/cm?), the current gain in the GHBT structure
falls to 72% of its initial value for twofold change in
the current density. Whereas, the current gain in the
DHBT structure falls to 10% for twofold change in
the collector current density. Therefore, the DHBT
shows a sharp fall-off in the current gain in
comparison with GHBT structure as the collector
current density increases. The results are consistent
with fall in the current gain in DHBT structure,
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predicted by Eq. (6), due to the formation of
retarding potential barrier at base-collector junction
inthe DHBT structure. The results establish superior
current gain performance of the GHBT structure in
comparison with the DHBT device. Although the
results presented in the present work are for the pre-
selected doping profiles and physical parameters of
the device but the phenomena of better performance
of the GHBT structure over contemporary DHBT
structures will be consistent with other device
configurations and doping profiles.
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Fig. (5) Current gain Vs. collector current density plot for
NPN SiGe DHBT and GHBT

4. Conclusions

An NPN SiGe GHBT structure with uniform 20
at% germanium in the base and tapering it linearly
to zero at% Ge at the collector ohmic contact is
proposed to improve the current gain performance
of the SiGe HBTSs at high collector current densities.
The base-collector homojunction inhibits the
formation of retarding potential barrier due to
absence of valence band offset for holes at base-
collector metallurgical junction and 20 at% of
germanium and its tapering ensures the strained
behavior and stability of the SiGe layers. The
absence of retarding potential barrier in SiGe GHBT
is observed to provide better current gain
performance at high collector current densities in
comparison with DHBT structure. A theoretical
model for SiGe DHBT has been developed to
supplement the simulation results for current gain
dependence on the physical parameters and device
structure. A comparison of conduction band electron
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energy, net carrier concentration profile and
dependence of collector current density on the base
emitter voltage has been provided for the SiGe HBT
structures. The theoretical formulation and the
simulated results on the current gain performance
establish the superiority of the GHBT structure in
comparison with the DHBT device configuration at
high collector current densities.
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Characterization of
Multilayer Highly-Pure Metal
Oxide Structures Prepared by
DC Reactive Magnetron
Sputtering Technique

In this work, multilayer nanostructures were prepared from two metal oxide thin
films by dc reactive magnetron sputtering technique. These metal oxide were
nickel oxide (NiO) and titanium dioxide (TiOz). The prepared nanostructures
showed high structural purity as confirmed by the spectroscopic and structural
characterization tests, mainly FTIR, XRD and EDX. This feature may be
attributed to the fine control of operation parameters of dc reactive magnetron
sputtering system as well as the preparation conditions using the same system.
The nanostructures prepared in this work can be successfully used for the
fabrication of nanodevices for photonics and optoelectronics requiring highly-
pure nanomaterials.
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1. Introduction

Several decades ago, the multilayer structures
have attracted the research interests due to their
advantages and features for both research and
industrial purposes. These structures have mostly
presented a mixture of advantages of all constituents
included in the multilayer structure. However, they
may show new features and characteristics not
observed for the constituents individually [1-4]. This
can be reasonably observed in spectroscopic studies
as the multilayer structures can exhibit absorption
higher than the individual absorption characteristics
of their constituents in addition to new absorption
peaks or edges in the regions of weak absorption [1].

Drastic developments were seen in the physics
and technology of photonics and optoelectronics
devices such as photodetectors, solar cells, gas
sensors, photocatalysts, etc. [5-9]. Such devices
represent the skeleton of the modern technologies,
therefore, the research works are intensively focused
on development and enhancement of their
characteristics and performances [1,3,10]. Recently,
nanotechnology has added more routes to develop
them with new properties and characteristics [4].

Thin film deposition techniques made it easy to
fabricate multilayer structures by consequent
deposition of layers from different materials but most
of these techniques may include a chemical reaction
or physical changes in the properties of the lower
layer when a new layer of different materials is
deposited upon [3]. This problem may have negative
effects on the outcome expected from a multilayer
structure. Among all physical vapor deposition
(PVD) methods and techniques, the reactive
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magnetron sputtering shows very good features in
fabrication multilayer structures as no reactions that
may change the properties of the lower layers are
included [11,12]. As well, no mechanical or thermal
processes exist to affect negatively the grown layers
[13,14]. Therefore, high-quality multilayer structures
can be successfully fabricated by reactive magnetron
sputtering in addition to the advantages of low-cost
large-scale production, reliability and reproducibility
[15-18].

In this work, multilayer structures were fabricated
from nickel oxide and titanium dioxide thin films
prepared by dc reactive magnetron sputtering
technique. The structural characteristics of the
fabricated structures were introduced and analyzed.

2. Experiment

Highly-pure sheets of titanium (99.99%) and
nickel (99.99%) were used as sputtering targets. The
target was maintained inside the deposition chamber
on the cathode. Pure oxygen was used as reactive gas
required to form the metal oxides. The quartz
substrates on which the metal oxide thin films are to
be deposited were carefully cleaned and then put on
the surface of the anode. The temperature of the
anode (and the substrate as well) could be controlled
and a thermocouple was used to measure it. More
details on the magnetron sputtering system used in
this work and shown in Fig. (1) can be found
elsewhere [19-23].
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Fig. (1) A photograph of the dc reactive magnetron sputtering
system used in this work

The deposition chamber was first evacuated down
to 10 mbar before filled with the gas mixture of
argon and oxygen at a pressure of 0.1 mbar. The
plasma required for sputtering was generated by the
electric discharge of argon. Electrical power was
provided by a high-voltage dc power supply. Several
parameters of sputtering system, such as inter-
electrode distance, deposition time, substrate
temperature, total gas pressure and Ar:0; ratio, could
be varied to determine their effects on the deposition
process.

The fabricated multilayer structures were
characterized by the Fourier-transform infrared
(FTIR) spectroscopy, x-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-
dispersive x-ray spectroscopy (EDX) and atomic
force microscopy (AFM).

3. Results and Discussion

Figure (2) shows the FTIR spectrum of the
multilayer sample prepared using Ar:O, gas mixture
of 1:1 after deposition time of two hours. All peaks
assigned for the vibration bands of M-O bonds were
seen as shown in table (1). These bonds are distinctly
recognized as both materials are metal oxide (NiO
and TiO;). The band assigned at 1064 cm'* is ascribed
to the vibration of the Ni-O bond [24] while three
bands are observed for the TiO, sample at 409, 447
and 667 cm!, which ascribed to the vibration modes
of the triatomic molecule (TiO) in addition to the
peak assigned at 709 cm, which is ascribed to the
bridging stretching mode of Ti-O-Ti [25]. No bands
ascribed to compounds other than O-H were
observed, which confirms the structural purity of
both types of samples (NiO and TiO,) [26]. However,
the O-H bands are unavoidable due to the adsorption
of water from the environment. When compared to
the individual FTIR spectra of NiO and TiO, samples
prepared by the same technique, it is confirmed that
no other phases were formed (e.g., Ni2Os, NiO», TiO
or Ti»03) nor new compound, such NiTiOs [27]. This
is significant evidence for the advantage of reactive
magnetron sputtering in fabrication of highly-pure
multilayer structures.

e s Fe A e e e e e T P U S s et e
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Fig. (3) The FTIR spectrum of the multilayer NiO/TiO,
structure prepared in this work using 1:1 gas mixture after

deposition time of 2 hours

Table (1) Vibration bands observed on the FTIR spectrum of
the fabricated multilayer structure

Wa\zgnmlflr; 2l Assigned bond Material
409 Ti-O-Ti Bending
447 Ti-O Symmetric stretching
667 Ti-O Asymmetric stretching
709 Ti-O-Ti Bridging
1064 Ni-O Stretching

Figure (3) shows the XRD pattern of the
multilayer structure prepared in this work using
Ar:0; gas mixture of 1:1 after deposition time of two
hours. As seen, two sharp and intensive peaks are
observed at 20 of 35.22° and 38.46°, which
corresponding to the crystal planes of (111) and
(200), respectively, of NiO. The peak assigned at
62.52° is belonging to the (220) crystal plane of NiO
as well. Other lower peaks are all belonging to crystal
planes TiO; [28-30]. As previously confirmed by the
FTIR result, no peaks corresponding to reflection
from crystal planes belonging to other compounds
were observed. Table (2) shows the calculations of
grain size based on the XRD results.

5000

(111) NiO
(200) NiO
4000 1
g
5 3000 1
<
s
>
5 (220) NiO
£ 2000
= TiO, 10
, Tio,/ 'z
TiO,
1000 { TiO, TiO, u
0 T T T T
20 30 40 50 60 70

Diffraction angle 26 (deg)

Fig. (2) XRD pattern of the NiO/TiO, multilayer structure
prepared in this work using 1:1 gas mixture after deposition
time of 2 hours
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Table (2) Calculations of grain size based on the XRD results

20 d(A) D (hm) Material
25.0162 3.55669 15.413 TiO,
32.2164 2.77633 13.483 TiO,
35.2254 2.54576 12.410 NiO
36.8363 2.43805 8.231 TiO,
38.4639 2.33854 10.469 NiO
42.9806 2.10267 8.112 TiO,
48.4665 1.87671 8.667 TiO,
53.2587 1.71859 6.964 TiO,
58.0355 1.58798 7.060 TiO,
61.2700 1.51168 7.005 TiO,
62.5275 1.48426 4.709 NiO
65.7933 1.41827 3.635 TiO;
67.7970 1.38115 5.696 TiO,

The formation of nanostructures in the prepared
samples was identified by the SEM results as shown
in Fig. (4). A minimum particle size of about 40 nm
can be seen while no large aggregation is observed.
As compared to the SEM results of NiO and TiO;
samples individually, the surface morphology of the
multilayer sample is similar to that of the TiO,
sample. This can be attributed to the larger particle
size of TiO; particles as the NiO nanoparticles of
lower sizes are deposited on the vacancies among the
larger particles. The spherical shape of NiO
nanoparticles seen in Fig. (3a) approximately
disappeared in the multilayer sample. Instead, larger
particles appear with a possibility to be a combination
of NiO nanopatrticles attached to TiO, nanoparticles.
If this is the situation, then the assumption of
formation of nano-heterojunctions can be reasonably
possible. Such assumption encourages to synthesize
nanophotonics and nano-devices based on the
optoelectronic characteristics of such
heterojunctions.

MIRA3 TESCAN

SEMHV:10.0kV |  WD:5.95mm
View field: 1.38 pm Det: InBeam 200 nm
SEM MAG: 100 kx | Date(m/dly): 09/06/20

(@)

Mashhad (MUMS)

ISSN 1813 — 2065

© ALL RIGHTS RESERVED

IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 16, No. 4, October-December 2020, pp. 25-30

SEM HV: 10.0 kV ‘ WD: 5.46 mm
View field: 1.38 pm Det: InBeam

Mashhad (MUMS)

MIRA3 TESCAN

SEM HV: 10.0 kV ‘ WD: 6.06 mm
View field: 1.38 pm Det: InBeam

SEM MAG: 100 kx | Date(m/dly): 09/07/20

Mashhad (MUMS)

(©
Fig. (3) The SEM image of the NiO sample (a), TiO2 sample
(b) and multilayer NiO/TiO, structure (c) prepared in this
work using 1:1 gas mixture after deposition time of 2 hours

With  assumption  of  forming  nano-
heterojunctions from NiO and TiO;, nanoparticles,
and considering the concentrations of solid species
that may reach up to 108 cm3, the formation of up to
102 nano-heterojunctions is very likely. When
compared to conventional thin film structures
(NiO/TiO,), these multilayer structures are much
more efficient by about 1000%. Therefore, the tiny
contributions of such nano-devices can produce a
huge amount of outcome (energy, current, voltage,
etc.). Accordingly, a drastic development in their
applications can be expected with further control of
the nanoparticle size and distribution [31-35].

The elemental constitution of each sample (NiO
and TiO;) as well as the fabricated multilayer
structure was individually characterized by EDX, as
shown in Fig. (4). Both structures can be considered
highly pure as no traces for other elements other than
Ni, Ti and O were seen. In addition, the multilayer

PRINTED IN IRAQ 27



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 16, No. 4, October-December 2020, pp. 25-30

structure has confirmed that its formation processes
did not include any opportunity for other elements to
be exist in the final sample as dopants or
contaminants. This result additionally supports the
advantage of reactive magnetron sputtering technique
in production of highly-pure nanostructures.
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Fig. (4) Results of EDX of the NiO (a), TiO, (b) and multilayer
(c) samples prepared in this work using 1:1 gas mixture after
deposition time of 2 hours

Multilayer structures — like those fabricated in
this work — can be successfully employed in
photonics, optoelectronics, spectroscopic and other
applications including an interaction between the
electromagnetic radiation and matter. As well, gas
sensors for more than one gas can be fabricated from
such structures [36,37]. Therefore, the surface
roughness is an important parameters to make such
interaction much more efficient. The topography of

the synthesized multilayer structures was introduced
by the AFM as shown in Fig. (5) showing the 2D and
3D images of their surfaces. The average roughness
was determined to be 16.7 nm while the root-mean-
square roughness was about 19.5 nm. These surfaces
can also be considered highly homogeneous with a
surface skewness of about 0.0224. It is known that
lower values of surface skewness correspond to
rougher surfaces while higher values (up to )
correspond to smoother surfaces [?]. These values
reflect the high surface area that can be available for
the interaction between these nano-surfaces and
electromagnetic radiation or gas species to be sensed.
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Fig. (5) The 2D and 3D AFM images of the multilayer
NiO/TiO, structure prepared in this work using 1:1 gas
mixture after deposition time of 2 hours

4. Conclusion

In concluding remarks, the fabrication and
characterization of multilayer nanostructures from
NiO and TiO by dc reactive magnetron sputtering
technique were presented. These nanostructures
showed high structural purity with no imperfections
or degradation when compared to the nanostructures
of NiO and TiO; individually as well as to the thin
film NiO/TiO; structures. These results encourage to
employ such multilayer structures in many photonics
and optoelectronics applications due to their
advantages as low-cost highly-pure nano-surfaces.
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