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ABSTRACT

Indium tin oxide (ITO) is recently attracting intense attention for application as
transparent conducting electrode in different optoelectronic devices including solar
cells, liquid crystal displays and organic light emitting diodes. This is attributed to
their high optical transmittance in the visible region and good electrical
conductivity. In this work, surface topological-morphological (topo-morphological)
and electrical properties of ITO based multilayer films with aluminum-silver (Al-
Ag) metal interlayer (ITO/AI-Ag/ITO) are investigated after post annealing
treatment at 300-500°C by atomic force microscopic (AFM), field emission
scanning electron microscopy (FESEM), four-point probe and hall-effect techniques
respectively. The ITO/AI-Ag/ITO films are deposited by direct current and radio
frequency magnetron sputtering techniques on p-type Si at room temperature. The
results showed a smooth surface topology by as-deposited film with films
smoothness improving after post annealing treatment as analyzed by AFM method.
Sharp crystallites peaks were obtained by all the films with smaller peaks diffusing
and recombining to form larger films with increasing post-annealing temperature.
The films root means square roughness increased as the temperature increases with
film annealed at 500°C showing a superior and enhanced microstructure. Compared
to as-deposited film, careful observation shows that surface morphology
smoothness increased with increase in temperature with films annealed at 400°C
and 500°C showing highest increasing surface smoothness pattern as determined by
FESEM technique. Similarly, higher grain sizes are observed especially by films
annealed at 400°C and 500°C due to the heat absorption which causes the particles
to expand thereby narrowing the grain boundaries and subsequently improve the
surface smoothness. These FESEM findings are consistent with AFM
measurements confirming the high surface property and enhanced grain size with

Keywords: increasing post annealing temperature. The films exhibit decreased electrical
Indium tin oxide, resistivity and sheet resistance while carrier concentration and Hall mobility
Topology, increased with increasing post annealing treatment indicating highest corresponding
Morphology, values of 2.7 x 10° Qcm, 3.92 Q/sq, 16.1x 10° cm™ and 41.4 cm?/Vs at 500°C
Radio frequency, respectively. These highly enhanced topo-morphological multilayer films can be a
Magnetron sputtering. promising contact for low-resistance optoelectronics devices.

INTRODUCTION conducting electrode or anti-reflective coating (ARC) in

Transparent conducting oxides (TCOs) materials such  different optoelectronics devices including solar cells,
as indium tin oxide (ITO), titanium oxide (TiOy), zinc  electrochromic, liquid crystal displays (LCDs) and
oxide (ZnO), or fluorine tin oxide (FTO) are recently  organic light emitting diodes (OLEDs) (Isiyaku et al.,
attracting intense attention for application as transparent ~ 2019; Kumar et al., 2015; Pu et al., 2015).
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This is accredited to their high optical transmittance in
the visible region of the spectrum and good electrical
conductivity (Cui et al., 2002; Isiyaku et al., 2020:
Isiyaku et al., 2019a). ITO excellent properties such as
high optical transmittance, chemical stability and good
electrical conductivity have made it attractive for
application in photonics and optoelectronics devices
(Guillen and Herrero, 2011). ITO layers properties such
as optical, electrical, mechanical, and structural have
revealed an immense dependence on the types of
deposition techniques used during preparation (Liu et
al., 2015; Ali et al., 2015). Different techniques such as
sol-gel, direct current (DC) and radio frequency (RF)
magnetron sputtering, ultrasonic spray, chemical vapor
deposition, thermal evaporation or electron beam
evaporation have been used for ITO layers deposition
(Isiyaku et al., 2022; Aijo et al., 2014; Bundesmann et
al., 2014; Lee et al., 2012; Guillen and Herrero, 2011;).
Magnetron sputtering has the advantages of depositing
uniform and high-quality 1TO layers with good layers
adhesion to substrate (Isiyaku et al, 2020; Isiyaku et al.,
2021a).

However, indium (In) metal that formed the larger part
of ITO is expensive in nature and reducing the ITO
layer thickness to smaller thickness (to less than 150
nm) usually increases the layer’s resistivity due to
classical size effect (Isiyaku et al., 2020; Isiyaku et al.,
2016; Rein, 2015; Ali et al., 2014). Hence, the use of
thinner transparent ITO layers having low electrical
resistance is critical. It is understood that multilayer ITO
(ITO/metal/ITO) concept has been recently explored to
reduce the cost of In metal consumption and enhance
the optoelectronics properties of the layers (Isiyaku et
al.,, 2021a; Ali et al., 2016; Liu et al., 2015). It is
observed that both the ITO and metal films in this
multilayer structure, play distinct key roles. Metals films
such as Al, Cu, Ag, Ni, Pd, Au, Cr or Mg have been
applied and each one of them shows different properties
which allow one to get layer electrode more attuned to
the specific properties (Guillen and Herrero, 2011,
Isiyaku et al 2020). In this structure, separation of
charge carrier is accelerated due to the present of free
electrons in the ITO/metal materials and therefore
enhance the carrier transport of the device (Abdulkadir
et al., 2022; Isiyaku et al. 2021a). Compare to many
other metals, silver (Ag) film exhibits moderate high
transparency in the visible region and has a low
resistivity value (Isiyaku et al., 2020). Moreover, in
addition to its low-cost effectiveness (4.5-5.1 USD/kg),
this material become widely acceptable for use as
interlayer in high performance and less expensive ITO
based multilayer structure. Aluminum (Al) film good
adhesiveness and low resistivity value (2.8 pQ cm),
coupled with non-corrosion and non-oxidation
properties have made it appropriate for photonic devices
(Isiyaku et al., 2021b; Ali et al., 2016). ITO properties
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have been extensively studied on various substrates
including glass, silicon Si (n or p type), polyethylene
terephthalate, gallium nitride (n or p type), or
polyethylene naphthalate (Alvarez-Fraga et al., 2015;
Isiyaku et al., 2021a; Zhou et al., 2012). ITO multilayer
structure can either serves as a transparent conducting
electrode, anti- reflecting coating, an ohmic contact or
rectifying  contact (Kumar et al, 2015;
Balasundraprabhu et al., 2009).

Parameters such as annealing treatment, layer thickness,
and sandwiched metal intermediate layer have been
reported to have immense influence on the ITO/metal
contact characteristics (Isiyaku et al., 2019b; Ali et al.,
2016). Substantial enhancement in topological,
morphological, optical and electrical properties have
similarly been witnessed after post annealing treatments
(Ali et al., 2016; Lien et al., 2010; Lee and Park, 2006).
In this work, the effect of inserting Al-Ag interlayer on
the top and bottom ITO layers (ITO/AI-Ag/ITO
multilayer) on  topological-morphological  (topo-
morphological) and  electrical ~ properties  are
investigated. The films are prepared using radio
frequency (RF) and direct current (DC) magnetron
sputtering techniques and post annealed at 300-600°C
respectively. Additionally, films correlation between
topo-morphological and optoelectronic properties are
discussed while single ITO films are equally prepared
for comparison analysis.

MATERIALS AND METHODS

In this work, ITO/AI-Ag/ITO multilayer films were
deposited using both SNTEK model of RF and DC
magnetron sputtering systems for ITO and metals films
respectively. Target of ITO with 90%:10% weight ratio
of In,O3 and SnO, was used to prepare the ITO films
top and bottom layers using RF sputtering method in an
uncontaminated argon environment at normal room
temperature. The multilayer films are prepared on
substrates; p-type Si wafer [p-type (111), boron, 0.1-1.0
Q cm] and glass respectively. Table 1 presents the
sputtering parameters adopted during the preparations.
13 cm is the target-substrate distance used for all
depositions. Before the deposition, 1 x 1 cm size of Si
wafer was cut, cleaned at 55°C in boiled acetone for 5
minutes. the wafer then rinsed in Isopropyl solution,
Deionized (DI) water and later blown dry in nitrogen
(N2) gas environment. Also, 2x 2 cm size of glass
substrates were cut, and Decon-90 glass cleaner was
used to clean, rinsed in DI water and then blown dry in
N atmosphere. Al and Ag targets of 99.999% purity are
used to prepare Si/ITO/AI-Ag/ITO films using DC
sputtering process using parameters shown in Table 1.
Optical reflectometer Filmetric F20 was used to
measure separate thickness of ITO, Al, Ag and ITO
(single) films recorded as 40 nm, 6 nm, 9 nm and 90 nm
separately. The multilayer samples were subjected to
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post annealing treatments at temperature 300-500°C  respectively.
Table 1: ITO, Al and Ag sputtering parameters adopted during the preparation
Sputtering parameters ITO (top and bottom) Al Ag
Pre-sputtering time (sec) 900 900 900
Vacuum pressure (pa) 7.99 x 1074 7.73x10°4 747 x10°4
RF/DC power (watt) 120 80 90
Working Pressure (pa) 6.93x 107! 6.81x 1071 6.71x 1071
Deposition time (sec) 240 30 45

Atomic force microscope (AFM, Model: AFM5010
Hitachi) was used to determine films surface topology
and it was operated under contact mode and NanoScope
analysis software. Films morphology was examined by
a field emission scanning electron microscope (FESEM,
Model: JEOL JSM-7600F-SM17600053, equipped with
an energy-dispersive  X-ray spectrometer EDS,
OXFORD X-MAX, Japan) with 5 kV acceleration

Figure 1: Set-up characterization models for (a) AF

0

‘IK/I (Topological analysis), (b) FESEM (morpholoical

voltage and 100,000 x magnification respectively.
Electrical characteristics measurements  were

determined using both Four-point probe technique (Pro
4 Lucab Lab model) and Hall Effect measurement (Lake
Shore 8400 Series model) systems respectively. The set-
up of the characterization techniques used in this work
is shown in Figure 1.

analysis), (c) Four-point probe (Electrical analysis) and (d) Hall Effect system (Electrical analysis).

RESULTS AND DISCUSSION

The performance of TCO films are enhanced by the
improvement in optoelectronics properties in which
surface topology plays a huge part. Figure 2 shows
AFM images (three-dimension (3D)) of ITO/AI-Ag/ITO
multilayer for as-deposited and post annealed films
scanned over 1000 nm x 1000 nm respectively. It can be
seen that, the as-deposited film exhibited a smooth
surface topology. The films smoothness improved with
increasing post annealing temperature. The dependence
of this multilayer root means square (RMS) roughness
and grain size (D) at different post-annealing
temperature is displayed in Table 1 as deduced from
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AFM Nanoscope analysis software. Single ITO film
annealed at 500°C is presented for comparison.

From Table 2, it is clearly observed that the surface
topology parameters of the multilayer films increased
with increase in post-annealing temperature. Sharp
crystallites peaks were obtained by all the films with
smaller peaks diffusing and recombining to form larger
films with increasing post-annealing temperature
(Figure 2). The RMS of the multilayer films increased
as the temperature increases with even the as-deposited
film showing a good microstructure while the film
annealed at 500°C showed a superior and improved
microstructure due to improvement in the films
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structural property after post annealing treatment at high
temperature (Isiyaku et al., 2020). The increase in RMS
is due to rapid growth in grain size (Bundesmann et al.,
2014; Lee & Park, 2006; Lien et al., 2010).

The insertion of Al-Ag thin metals films sufficiently
improved the grain size as compared to single ITO.
Increase in post-annealing temperature led to increase in
grain size (Figure 2). The highest measured grain size is
61.9 nm as obtained by multilayer film annealed at
500°C. Heat absorption as a result of post annealing
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treatment led to this substantial enhancement in grain
sizes which subsequently enhanced both surface
roughness and smoothness respectively. Grain

boundaries reduces with increase in grain size by
reducing the carrier and light scattering factors and
hence enhanced the films optoelectronic properties
(Isiyaku et al., 2021b). The multilayer films grain size
showed an improvement in comparison with single ITO
layer, the works of Ali et at. (2014) and Kumar et al.
(2015) respectively.

Figure 2: ITO/AI-Ag/ITO films AFM images for (a) the as-deposited (b) annealed
films at 300°C (c) annealed films at 400°C and (d) annealed films at 500°C.

Table 2: RMS roughness and grain size of ITO/AI-Ag/ITO films for as-deposited and annealed films and

single ITO annealed at 500°C

ITO/AI-Ag/ITO RMS Roughness (nm) Grain Size (nm)
As-deposited 1.26 52.8
300°C 1.56 55.6
400°C 1.67 60.4
500°C 1.71 61.9
Single ITO (at 500 °C) 1.22 42.1

Surface morphological analysis of ITO/AI-Ag/ITO
multilayer films was conducted by FESEM technique
and the images are displayed in Figure 3. The as-
deposited film exhibits smooth and continuously
connecting surface morphology with dense particles
evenly distributed throughout the film surface.
Compared to as-deposited film, careful observation
shows that surface smoothness increased with increase
in temperature with films annealed at 400°C and 500°C
showing an increasing surface smoothness feature.
Similarly, higher grain sizes are observed especially by
films annealed at 400 °C and 500 °C due to the heat
absorption which causes the particles to expand thereby
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narrowing the grain boundaries and subsequently
enhance the surface smoothness.

These results are consistent with AFM measurements
confirming the high surface property and grain size with
increasing post annealing temperature. Even at
moderate 500°C post-annealing temperature, no
significant Al-Ag films agglomeration was observed on
the multilayer films surface to allow for unwanted
microstructural changes and that shows a good stability
property of the films. The observations of the surface
morphology features by FESEM and AFM techniques
are in good agreement.
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Figure 3: FESEM images of ITO/AI-Ag/ITO ’s surface morphological
features of (a) as-deposited (b) 300°C (c) 400°C and (d) 500°C.

The structural property in term of elemental
compositions of the ITO/AI-Ag/ITO multilayer films
was analyzed using EDX technique. The as-deposited
and post annealed multilayer films elemental
composition in weight percent is shown in Table 3.
Element like oxygen O shows a reduction in weight
after post annealing treatment. Whereas metal and
semiconductor materials; Ag, Al, In, Sn and Si
increased with increasing temperature. Si element

a base material. Similarly, Al shows the least elemental
composition due to its very thin layer. However, the Sn
low composition is attributed to it being a dopant
element to the ITO composition. The elemental
distribution of the as-deposited and 500°C post annealed
films are shown in Figure 4. The results confirm the
present and improvement in ITO composition after post
annealing treatment which is in agreement with the
work of Isiyaku et al. (2020).

constitutes the highest composition because it serves as

Table 3: Elemental composition of ITO/AI-Ag/ITO multilayer films.

Elemental (weight %) 0] Al Ag In Sn Si_ Total%
As-deposited 12.31 0.31 5.63 11.01 1.23 69.51 100
300 °C 11.28 0.39 5.76 11.07 1.28 70.22 100
400 °C 10. 85 0.48 5.78 1112 1.30 70.47 100
500 °C 10.70 0.51 5.81 1115 132 70.51 100
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Figure 4: ITO/AI-Ag/ITO EDX properties of the (a) as deposited and

(b) post annealed 500°C films

The multilayer and single ITO (at 500°C) films
electrical characteristics in terms of electrical resistivity
sheet resistance, carrier concentration n and Hall
mobility p are determined using a four-point probe and
Hall-Effect systems respectively. Table 4 shows the
electrical resistivity of ITO/AI-Ag/ITO and ITO (at
500°C) as a function of post-annealing temperature.
From Table 4, it is understood that the resistivity value
decreased when the post-annealing temperature is
increased. The insertion of Al-Ag bilayer metal films
between top and bottom ITO layers drastically reduced
the resistivity (ITO resistivity < 10 Q cm) even
without heat treatment (Guillén & Herrero, 2011). The
resistivity value decreases further after post heat
treatment with multilayer films showing the least
electrical resistivity of 2.70 x 10 Q c¢m at 500°C.

Furthermore, sheet resistance Rst of multilayer and
single ITO films, as a function of post annealing
temperature were evaluated as shown in Table 4. The
as-deposited multilayer film shows a lower sheet
resistance of 7.82 €/s compared to single ITO film at
500°C (13.20 Q/s). The Rst further decreases with
increasing annealing temperature. The significant
reduction in the Rst is due to insertion of low resistivity
metal films (of order 10 Q cm) between the top and
bottom ITO layers. Even though, the metal films
insertion resulted in decrease in optical transmittance,
post heat treatment at moderate temperature has
reported an improvement in the optical transmittance
due to reduction of films structural defects as reported
by Ali et al.,, (2014) and Isiyaku et al., (2020). This
improvement narrows the transmittance-conductivity
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trade-off of the films. Also, multilayer films Rst can be
obtained mathematically as expressed in Equation 1.

1 1 1 2
RmsR - (R_Ml + R_Mz) + % (1)
where Rmsr, Rm1, Rwm2, Rito are sheet resistance for
multilayer, first interlayer metal, second interlayer metal
and ITO respectively. A minimum Rst of 3.92 Q/sq for
multilayer film at 500 °C and 13.2 Q/sq single ITO film
at 500 °C are obtained.
Furthermore, significant improvement in carrier
concentration and Hall mobilities are observed with
respect to post-annealing temperature. From Table 4, it
is observed that the multilayer films carrier
concentration and mobilities are considerably higher
than that of single ITO films. The highest achieved
carrier concentration of multilayer films at 500°C are
16.1 x10% cm whereas that of ITO achieved at same
temperature was 7.1 x 102 cm. The ITO/AI-Ag/ITO
multilayer films carrier mobilities increased from 22.2
cm? /Vs to 41.4 cm? /Vs at 500°C while single ITO at
500°C stands at 10.2 cm? /Vs. Group of scientists such
as Meshram et al., (2015), Kumar et al., (2015) and Ali
et al., (2014) have reported similar findings such that
the increase in the effective charge carrier for
conduction is attributed to improved structural ordering
that led to grain growth and reduction in electron
scattering as a result of heat treatment effects. Oxygen
vacancy creation which donates two electrons for each
vacancy during annealing also contributed to the
increase in carrier concentration and mobility
(Balasundaraprabhu et al., 2009).
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Table 4: Electrical Resistivity and sheet resistance measurement values of ITO/AI-Ag/ITO films

Multilayer films Resistivity Sheet Resistance Carrier Concentration Hall Mobility

(x 10* Qcm) (Q/sq) (x 103 cm?) (cm?/V/s)

As-deposited 1.21 7.82 7.2 25.2

300°C 0.62 6.60 8.3 32.2

400°C 0.35 4.21 12.4 38,5

500°C 0.27 3.92 16.1 414

ITO at 500°C 0.71 13.20 7.0 10.2

It is noted equally, that the observed grain growth and
enhanced crystallinity after post annealing process
which equally overcome the impact of scattering light
effect can be accredited to the increased carrier
mobilities (Isiyaku et al, 2021b). The single ITO film’s
low carrier mobility even at 500°C can be connected to
the films thickness size (Isiyaku et al., 2021a). In
general, films electrical resistivity is found to be
inversely proportional to carrier concentration and
mobility as shown in Equation 2.
1

p= @)

ney
charge of the carriers is represented by e sign. The
results from Table 4 confirms this relation (Equation 2),
which indicates that the electric resistivity decreased
with increasing carrier concentration and mobility
respectively. Lowest resistivity value of 2.70 x 10° Q
cm at 500°C was obtained at highest n and p values of
16.1 x 10 cm™ and 41.4 cm?Vs. In this regard, the
films high electrical conductivity may now be linked to
low resistivity as well as high carrier mobility and this
result in hitch-free flow of uniform electrical current
across the films into next various layers of the low
resistance optoelectronic devices (Ali et al., 2016). In
all-purpose, it can be observed that the inclusion of
metal thin films together with heat treatment (strong
films crystallization) effectively enhances the surface
topo-morphological and electrical properties which in
turn improved the performance of the films.

CONCLUSION

Topo-morphological and electrical properties of
ITO/AI-Ag/ITO/p-Si multilayer films prepared by RF
and DC sputtering magnetic techniques are investigated
before and after post annealing treatment at 300-500°C
respectively. The insertion of Al-Ag in-between the ITO
top and bottom films together with post annealing
treatment significantly improved the films topo-
morphological as well as electrical properties
correspondingly. The multilayer surface topology
parameters increased with increase in post-annealing
temperature. The as-deposited film exhibited a smooth
surface topology and the smoothness improved with
increasing post annealing temperature. Sharp crystallites
peaks were obtained by all the films with smaller peaks
diffusing and recombining to form larger films with
increasing  post-annealing  temperature.  Highest
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multilayer films RMS roughness and grain size of
1.71nm and 61.9 nm are obtained compared 1.22 nm
and 42.1nm for single ITO films both 500°C
respectively. Also, the films surface morphology of as-
deposited film shows smooth and continuously
connecting surface morphology with dense particles
evenly distributed throughout the film surface.
Compared to as-deposited film, surface smoothness
increased with increase in temperature with films
annealed at 400°C and 500°C showing an increasing
surface smoothness property. This is attributed to the
heat absorption which causes the particles to expand
thereby narrowing the grain boundaries and
subsequently improve the surface smoothness. The
topological AFM and morphological FESEM results are
in good agreement. The inclusion of Al-Ag metals
interlayer films drastically reduced the films resistivity
even without heat treatment. The resistivity value
decreases further after post heat treatment with
multilayer films at 500°C. showing the least electrical
resistivity of 270 x 10° Q cm. highest carrier
concentration and carrier mobility of 16.1 x 10° cm
and 41.4 cm?/Vs are achieved at 500°C. the films good
surface topo-morphology, low resistivity and high
carrier concentration and mobility properties which in
turn correspond to good microstructural and high
electrical conductivity properties can be considered as
favorable candidate in low resistance optoelectronic
applications, since it can result in hitch-free flow of
uniform electrical current across the films into next
various layers of the low resistance optoelectronic
devices.

ACKNOWLEDGEMENT

Authors would like to acknowledge Tet fund Nigeria
(Institutional Based Research Grant, IBR-KASU grant:
Batch 3), Kaduna State University, Umaru Musa
Yar’adua University, Katsina and Universiti Tun
Hussein Onn Malaysia for supporting this research.

REFERENCES

Abdu, S. G., Abbas, D. U., Isiyaku, A. K. (2016). A
Model Study of the Influence of Temperature on the
Photoluminescence of Silicon Nano Crystals. Journal of
Scientific and Engineering Research, 3(6), 139-144.
https://jsaer.com/download/vol-3-iss-6-
2016/JSAER2016-03-06-139-144.pdf.

njp.nipngn.ng


https://jsaer.com/download/vol-3-iss-6-2016/JSAER2016-03-06-139-144.pdf
https://jsaer.com/download/vol-3-iss-6-2016/JSAER2016-03-06-139-144.pdf

NIGERIAN JOURNAL OF PHYSICS

Tuning the Topo-Morphological...

Abdulkadir, A. Isiyaku, A. K. Isah, M. Abbas, D. U
Ismaila, T. (2022). Effect of sputtered silver thin film
thickness towards morphological and optical properties
of black silicon fabricated by two-step silver-assisted
wet chemical etching for solar cells application.
PHYSICSAccess, 2, 70-77.
https://doi.org/10.47514/phyaccess.2022.2.2.012.

Ali, A. H., Shuhaimi, A., Hassan, Z., (2014). Improved
optoelectronics properties of 1TO-based transparent
conductive electrodes with the insertion of Ag/Ni under-
layer. Applied Surface Science. 288, 599-603.
https://doi.org/10.1016/j.apsusc.2014.07.172.

Ali, A. H., Hassan, Z., & Shuhaimi, A. (2016). High
figure of merit of the post-annealed Ti/Al/ITO
transparent conductive contacts sputter deposited on n-
GaN. Journal of Alloys and Compounds, 681, 186-190.
https://doi.org/10.1016/j.jallcom.2016.04.123.

Aijo John, K., Philip, R. R., Sajan, P., & Manju, T.
(2016). In situ crystallization of Highly conducting and
transparent 1TO thin films deposited by RF magnetron
sputtering. Vacuum,132, 91-94.
https://doi.org/10.1016/j.vacuum.2016.07.035.

Alvarez-Fraga, L., “Jim’enez-Villacorta, F., Sanchez-
Marcos, J., De Andr’es, A., Prieto, C., (2015). Indium-
tin oxide thin films deposited at room temperature on
glass and PET substrates: optical and electrical
properties variation with the H2-Ar sputtering gas
mixture, Applied Surface Science. 344. 217-222.
https://doi.org/10.1016/j.apsusc.2015.03.096.

Balasundaraprabhu, R, Monakhov, E. V.,
Muthukumarasamy, N., Nilsen, O., & Sveinsson, B. G.
(2009). Effect of heat treatment on ITO film properties
and ITO/p-Si interface. Materials Chemistry and
Physics, 114(1), 425-429.
https://doi.org/10.1016/j.matchemphys.2008.09.053.

Bundesmann, C., Feder, R., Gerlach, J. W, &
Neumann, H. (2014). lon beam sputter deposition of Ag
films: Influence of process parameters on electrical and
optical properties, and average grain sizes. Thin Solid

Films, 551, 46-52.
https://doi.org/10.1016/j.tsf.2013.11.097.
Cui, H. Teixeira, V., Monteiro, A., (2002).

Microstructure study of indium tin oxide thin films by
Optical methods. Vacuum. 67, 589-594.
https://doi.org/10.1016/S0042-207X(02)00236-1.

Kumar, M.D., Park, Y.C., Kim, J., (2015). Impact of
thin metal layer on the optical and electrical properties
of indium-doped-tin oxide and aluminum-doped-zinc

Isiyaku et al.

NJP VOLUME 33(2)

NJP

oxide layers. Superlattices and Microstructure. 82, 499—
506. https://doi.org/10.1016/j.spmi.2015.03.005.

Guillen, C., Herrero, J., (2011). TCO/metal/TCO
structures for energy and flexible electronics. Thin Solid
Films. 520, 1-17.
https://doi.org/10.1016/j.tsf.2011.06.091.

Isiyaku, A.K. Ghoshal, S. K. (2016). Photoluminescence
spectral features of silicon nanowires. Jurnal Teknologi,
78: 3-2, 153-158. https://doi.org/10.11113/jt.v78.7835.

Isiyaku, A.K., Ali, A.H., Nayan, N., (2019a). Effects of
laser radiation on the optical and electrical properties of
ITO thin films deposited by RF sputtering. Univ, J.
Elect. Electro. Eng. 6, 1-6. DOI:
10.13189/ujeee.2019.061601.
https://www.hrpub.org/journals/article_info.php?aid=86
01.

Isiyaku, A.K., Ali, A.H., Nayan, N., (2019b). Indium tin
oxide: an ideal transparent and conductive oxides
contact for solar cells application, in: Optical Fiber
Laser technology: Series 2, Eds., A.H. Hadi, Z. Zakaria,
Penerbit UTHM Batu pahat, Malaysia, pp. 61-75. ISBN
No.:9789672389378.

Isiyaku, A.K. Ali, A.H. Abdu, S. G. Tahan, M. Raship,
N.-A. Bakri, A. S. Nayan, N. (2021a). Improvement of
transparent conductive indium tin oxide based
multilayer films on p-silicon through the inclusion of
thin copper-aluminium metals interlayer. Thin Solid
Films 738, 138959.
https://doi.org/10.1016/j.tsf.2021.138959.

Isiyaku, A. K. Ali, A.H. Abdu, S. G.Tahan, M. Raship,
N.-A. Bakri, A. S. Nayan, N. (2021b). Preparation of Sn
doped In,O; multilayer films on n-type Si with
optoelectronics properties improved by using thin Al-
Cu metals interlayer films. Materials Science in
Semiconductor Processing, 131, 105870.
https://doi.org/10.1016/j.mssp.2021.105870.

Isiyakua, A. K. Ali, A. H. Abdu, S.G. Tahan, M.
Raship, N.-A. Bakri, A. S. Nayan, N. (2020a).
Characterization and Optimization of Transparent and
Conductive ITO Films Deposited on n and p-types
Silicon Substrates. Journal of Theoretical & Applied
Physics, 2 15-24.
https://www.researchgate.net/publication/346641731 C
haracterization_and_Optimization _of Transparent and
Conductive ITO Films Deposited on_n_and_p-
types_Silicon_Substrates.

Isiyaku, A.K., Ali, A.H., Nayan, N., (2020b). Structural
optical and electrical properties of transparent
conductive  ITO/AI-Ag/ITO  multilayer  contact,

njp.nipngn.ng


https://doi.org/10.47514/phyaccess.2022.2.2.012
https://doi.org/10.1016/j.apsusc.2014.07.172
https://doi.org/10.1016/j.jallcom.2016.04.123
https://doi.org/10.1016/j.vacuum.2016.07.035
https://doi.org/10.1016/j.apsusc.2015.03.096
https://doi.org/10.1016/j.matchemphys.2008.09.053
https://doi.org/10.1016/j.tsf.2013.11.097
https://doi.org/10.1016/S0042-207X(02)00236-1
https://doi.org/10.1016/j.spmi.2015.03.005
https://doi.org/10.1016/j.tsf.2011.06.091
https://doi.org/10.11113/jt.v78.7835
https://www.hrpub.org/journals/article_info.php?aid=8601
https://www.hrpub.org/journals/article_info.php?aid=8601
https://doi.org/10.1016/j.tsf.2021.138959
https://doi.org/10.1016/j.mssp.2021.105870
https://www.researchgate.net/publication/346641731_Characterization_and_Optimization_of_Transparent_and_Conductive_ITO_Films_Deposited_on_n_and_p-types_Silicon_Substrates
https://www.researchgate.net/publication/346641731_Characterization_and_Optimization_of_Transparent_and_Conductive_ITO_Films_Deposited_on_n_and_p-types_Silicon_Substrates
https://www.researchgate.net/publication/346641731_Characterization_and_Optimization_of_Transparent_and_Conductive_ITO_Films_Deposited_on_n_and_p-types_Silicon_Substrates
https://www.researchgate.net/publication/346641731_Characterization_and_Optimization_of_Transparent_and_Conductive_ITO_Films_Deposited_on_n_and_p-types_Silicon_Substrates

NIGERIAN JOURNAL OF PHYSICS

Tuning the Topo-Morphological...

Beillstein Journal of Nanotechnology. 11, 695-702.
https://doi.org/10.3762/bxiv.2019.104.v1.

Lee, H.-C., & Park, O. (2006). The evolution of the
structural, electrical and optical properties in indium-tin-
oxide thin film on glass substrate by DC reactive
magnetron  sputtering. Vacuum, 80(8), 880-887.
https://doi.org/10.1016/j.vacuum.2005.11.069.

Lee, J., Lee, S., Li, G., Petruska, M. A, Paine, D. C., &
Sun, S. (2012). A facile solution-phase approach to
transparent and conducting ITO nanocrystal assemblies.
Journal of the American Chemical Society, 134(32),
13410-13414. https://doi.org/10.1021/ja3044807.

Lien, S.-Y. (2010). Characterization and optimization of
ITO thin films for application in heterojunction silicon
solar cells. Thin Solid Films, 518(21), S10-S13.
https://doi.org/10.1016/j.tsf.2010.03.023.

Liu, W.S., Hu, H.M., Li, Y.T., Huang, S.D., Yu, HW,,
Pu, N.W.,, Liang, S.C. L, (2015). Indium tin oxide with
titanium doping for transparent conductive film
application on CIGS solar cells. Applied Surface
Science. 354, 31-35.
https://doi.org/10.1016/j.apsusc.2015.02.130.

Isiyaku et al.

NJP VOLUME 33(2)

NJP

Meshram, N., Loka, C., Park, K. R., & Lee, K. S.
(2015). Enhanced transmittance of ITO/Ag(Cr)/ITO
(IAl) multi-layered thin films by high temperature
annealing.  Materials  Letters, 145, 120-124.
https://doi.org/10.1016/j.matlet.2015.01.101.

Pu, N.W., Liu, W.S., Cheng, H.M. Hu, H.C. Hsieh,
W.T. Yu, HW,, Liang, S.C., (2015). Investigation of the
optoelectronic properties of Ti-doped indium tin oxide
thin  film. Material (Basel), 8,6471-6481.
https://doi.org/10.3390/ma8095316.

Rein, M, H., Ph.D. Thesis,
Technology, 2015.

Institute for Energy

Yun, J.H., Kumar, M.M.D., Park, Y.C., Kim, J., (2015).
Transparent conductors with an ultrathin nickel layer for
high-performance photoelectric device applications.
Material Science Semiconductor Processing. 31, 334—
339. https://doi.org/10.1016/j.mssp.2014.12.018.

Zhou, S., Cao, B., Liu, S., Ding, H., (2012). Improved
light extraction efficiency of GaN-based LEDs with
patterned sapphire substrate and patterned 1TO. Optical
Laser Technology. 44, 2302-2305.
https://doi.org/10.1016/j.optlastec.2012.02.008.

njp.nipngn.ng


https://doi.org/10.3762/bxiv.2019.104.v1
https://doi.org/10.1016/j.vacuum.2005.11.069
https://doi.org/10.1021/ja3044807
https://doi.org/10.1016/j.tsf.2010.03.023
https://doi.org/10.1016/j.apsusc.2015.02.130
https://doi.org/10.1016/j.matlet.2015.01.101
https://doi.org/10.3390/ma8095316
https://doi.org/10.1016/j.mssp.2014.12.018
https://doi.org/10.1016/j.optlastec.2012.02.008

