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Abstract:

Plasma enhanced chemical vapour deposition (PECVD) is used to
synthesise undoped hydrogenated amorphous thin film silicon (a-
Si:H) and undoped silicon nanowire (SiNWs) array for solar cell
applications. Indium metal is used as the top contact electrode in
Schottky junction configured solar cells devices represented as In/a-
Si:H/AZO-coated-glass and In/SiNWs/AZO-coated-glass
respectively. For six solar cell devices on each sample, its observed
that charge carrier trap states are observed under dark conditions,
despite indium metal's farther position on the various impurities in
silicon mid-band gap and minimum temperature for Vapour-Liquid-
Solid (VLS) Silicon nanowire growth, which is expected not
producing charge carrier trap states. In/SiNWs/AZO-coated glass
solar device demonstrated non-rectifying and ohmic behaviour with
no significant measurable solar cell device parameters, while In/a-
Si:H/AZO-coated glass showed rectifying and Schottky behaviour
with a reported average values of short circuit current (Isc) of (5.27
+ 2.39)A, open circuit voltage (Voc) of (0.26 £+ 0.04)V, and ideality
factor (n) of (4.34 + 0.26).

Keywords: Indium, PECVD, Hydrogenated amorphous silicon, Silicon
nanowires

Introduction

Schottky junction interfaces are employed in the fabrication of numerous
devices. They have been the subject of extensive research and have found
widespread application in electronic devices such as diodes, field effect transistors,
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mixers, sensors, and solar cells (1-2). This widespread application can be attributed
to the Schottky junction's simplicity and ease of fabrication in addition to its weak
charge storage effect (1-4). The conventional Schottky junction devices is based on
the physical interaction of metals like silver (Ag), gold (Au), copper (Cu), and
platinum (Pt) and a layer of semiconductors materials such as hydrogenated
amorphous silicon (a-Si:H), zinc oxide (ZnO), gallium arsenide (GaAs), indium
phosphide (InP) etc. These Schottky junction based devices have the advantage of
the metal layers with electron mobility far higher than that of semiconductor layers
(5). More so, research done on silicon-based Schottky devices such as photo
detectors reveals they offer low noise and quick signal response (6). In addition,
research has demonstrated that certain silicon-based Schottky devices have
additional benefits, including rapid charge carrier transit, mechanical flexibility,
changeable work functions, and good optical transparency (7). Despite all the
aforementioned properties, Schottky junction devices in general usually have
problems, such as, sensitivity to the preparation methods and property degradation
during the fabrication processes (8-9). In this work, studies have been conducted
on the use of indium as top metal contact electrode for silicon-based Schottky solar
cells fabricated by virtue of to its distant position relative to silicon mid-band gap
in Fig 1 below. The impurity level of indium metal is considerable distant of
approximately -0.4eV from the middle bandgap of silicon (11-12) as seen in Fig 1.
Its anticipated that with indium top metal contact electrode, better Schottky and
rectifying characteristics due to less charge carrier traps states will be achieved
occasioned by its distant from the middle band gap of silicon as seen in Fig.1.
Indium and elements such as niobium, hafnium, gallium, germanium, iridium,
tantalum termed Technology Critical Elements (TCE) are now employed in the
manufacture of devices in telecommunications, electronic displays, semiconductors,
and energy-related technologies (10) such as batteries.
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Figure.1 Impurity levels of various metals in silicon with respect to deposition
temperature. Adapted from (1) and (11-12).

Indium as a technology critical element

Indium is an essential element that is currently the subject of extensive research
(10) for a diverse range of uses, as was noted previously in the preceding paragraph.
Indium can be used as dopant in silicon based solar cells, catalyst for the growth
and synthesis of nanowires and contact electrodes for various electronic and solar
cell applications. Indium is frequently combined with other elements that are found
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in oxide form with other elements like tin, which results in the formation of the
semiconducting material known as tin doped-indium-oxide (ITO). This material is
utilised as contact electrodes and/or in other instances as semiconductor active
layers in a wide variety of electronic, energy producing, and opto-electronic
applications. An investigation of several of these devices, focussing on the
advantageous and disadvantageous features of each one in particular are discussed
in brief. The use of amorphous indium-gallium-zinc oxide (IGZO) as the
semiconducting layer, of which indium and gallium are TCE, was used for the
manufacture of mechanically flexible mobile phones with fast processing speeds of
about 6.3 GHz for wireless communication applications (13). This was established
by investigating the prospects of indium-based materials for the fabrication of
Schottky junction diodes on plastic substrates (13). In the fabrication of this
Schottky diode device, these researchers were able to achieve low signal losses at
high frequency. In the electrical characterization that was performed by applying
the current-voltage (I-V) measurement method, a dc bias voltage of 1-V was
applied across the Schottky diode device, which resulted in varying turn on voltages
ranging from 0.8V, 1.2V, and 1.6V with respect to the mass thickness of the IGZO
layers of 50nm, 80nm, and 100nm respectively (13). In this particular device, the
ohmic contacts electrodes are made from aluminium (Al) metal, whereas, the non-
ohmic/Schottky contact electrode are made of platinum (Pt). This Schottky diode
device under study consisted of indium metal combined with a number of different
semiconductor materials reported higher turn-on voltages however, a major
challenge is the fabrication process takes time coupled with added cost of the
materials. More research into the utilisation of indium-based materials to study the
photovoltaic effect on bismuth ferrite (BiFeOs) thin films (14) as the
semiconducting layer with ITO as the top metal contact electrode and a bottom
metal contact electrode of strontium ruthenate (SrRuO3) is characterised by open-
circuit voltages 0.8-0.9V and external quantum efficiencies of up to 10% when
illuminated with light. The efficiency report is at least an order of magnitude higher
than the maximum efficiency when exposed to sunlight at the (AM1.5) condition.
Inspite of the high efficiency and high open circuit voltage, this particular device
has a significant obstacle on account of the heterostructure design in that, good
lattice matching must be achieved for optimal performance of this device. This is
a fundamental prerequisite for the creation of high-quality heterojunctions (15). In
order to satisfy this criterion, it is necessary for the lattice constants of all of the
participating semiconductor materials be as close to each other as possible which
is challenging. Another group of researchers (16) investigated wide-band-gap
chalcopyrite solar cells made up of copper, indium, gallium, and selenium
(Cu(In,Ga)Ses, also known as (CIGS), and silver, copper, indium, gallium, and
selenium (Ag,Cu) (In,Ga)Ses, also known simply as (ACIGS), both of which had
ITO transparent back contact electrodes respectively. They found that these
indium-based oxides prevented sodium from diffusing into the active
semiconducting layer of each device. This led to solar cell efficiencies of 12% when
using ITO/ACIGS and 11.2% when using ITO/CIGS respectively (16). As such,
there is a large quantity of materials required to achieve such efficiencies, which
tends to increase the complexity of the fabrication process. This is particularly
problematic if the materials are chemically synthesised, and in addition, the
appropriate lattice matching must be realised which is vital criteria for
heterostructure devices. More research conducted on indium based material (17)
also reveals the infusion of twenty layers of indium based quantum dots, a Schottky
barrier solar cell with indium-arsenide (InAs) quantum dots inserted into the active
semiconducting layer composed of GaAs with a contact electrode at the top of ITO
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results in an increase of both the open-circuit voltage and the short-circuit current
density. In addition to this, it has been reported that both the photoluminescence
and the external quantum efficiency was greatly improved (17). As stated above,
complexity of the fabrication process, time it takes to fabricate these devices and
increased material cost are the challenges faced in making these devices. We
propose the use of indium aa a single element for use as the top metal contact
electrode for two categories of Schottky junction-based solar cell devices, namely
undoped In/a-Si:H/AZO-coated-glass and undoped In/SiNWs/AZO-coated-glass,
because. the location of indium is far and distant in relation to the impurity levels
of various metals in silicon mid- gap with respect to deposition temperature chart
as earlier shown in Fig.1 above. Consequently, it is anticipated that this will not
create trapped states in the lattice of the devices when they are fabricated in solar
cell devices and could result in enhanced performance devices. Moreover, this
particular structural arrangement, which is made up of undoped Schottky junction
solar cells, has not been the subject of substantial investigation. Additionally, the
simplicity of fabrication, low material usage and ease of characterisation were very
expensive instruments are not required for measurements are some of the benefits
of making these devices. Furthermore, very extensive research has shown that
silicon-based doped heterojunction planar, thin film devices (18-20) and silicon-
based nanostructured devices (21-22) respectively composed of indium-based
materials either as active semiconductor layer, contact electrodes, or front and rear
trapping structures present average efficiencies values of approximately 23.6%,
7.8%, and 10.6% respectively. When all of the processing conditions are fully
optimised (23), it is hoped that the preliminary investigations into fabrication and
subsequent comparative study of the electrical properties of undoped In/a-
Si:H/AZO-coated-glass and undoped In/SiNWs/AZO-coated-glass in this paper
will serve as the stepping stone to further studies with the objective of achieving a
simple device with enhanced external quantum efficiency (EQE). In the succeeding
sections, more discussions regarding the procedure that was utilised for fabricating
these devices, as well as the materials that were utilised, the methods of
characterisation, the results, and the conclusions are presented.

Materials and methods

In recent years, the most common method for depositing a-Si:H and VLS
synthesised SiNWs has been through a process known as radio-frequency PECVD
(11-12) (24). The deposition process is such that a gaseous silicon precursor gas
known as silane (SiHi) in the presence of hydrogen (H2) gas is subjected to electron
impact dissociation and a secondary induced chemical reaction ultimately results
in the deposition of silicon layers on the target substrates and the formation of
undoped a-Si:H thin film layers and undoped SiNWs growth in the presence of a
metal catalyst respectively (11) on Aluminium doped Zinc oxide coated glass
(AZO-Coated-Glass). The deposition process and synthesis of SINWs is further
explained in section 2.1 of this paper. The comparatively low deposition
temperature requirement of the PECVD technique constitute a considerable benefit
of using this technique for the fabrication of semiconductor devices. Consequently,
PECVD makes it possible to fabricate solar cells and other electronic devices using
low-cost substrates that can be heated to temperatures typically between 200°C
and 300 °C (24-26). Some disadvantages of PECVD is relatively low deposition
rate typically ranging between 0.1-0.3nm/s and sometimes the creation of pinholes
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on the semiconductor absorber layers in this case, undoped a-Si:H and SiNWs array
(24 and 28). Inspite of the low deposition rate associated with PECVD, it is possible
to achieve good quality a-Si:H thin film and SiNWs array exhibiting good electrical
and transport properties just by tweaking and adjusting process parameters during
the deposition and synthesis. The choice of AZO-coated-glass as the bottom contact
electrode of all devices in this paper is based on the prominence gained in the
fabrication of flat panel displays, electroluminescent and solar cell devices due to
numerous properties as its ability for high optical transmission in the visible range
of 400-700nm, wide band gap of 3.3eV, good electrical conductivity of 104 Sem!
and most especially its stability in plasma (29-32). The structural configuration of
these solar cell devices fabricated in this work are displayed in Figs. 2 and 3 of
section 2.1 respectively.

Indium Top Contact
[ Electrodes

«—— Undoped a:Si-H Thin Film

AZO-cotedgas

Figure 2 The structural 2-D configuration of Schottky junction In/a-
Si:H/AZO-coated-glass solar cell.

Silicon nanowire growth and synthesis

The standard laboratory cleaning techniques was used to clean samples of AZO-
coated glass and Corning glass 7059. The cleaned samples for undoped a-Si:H
contained no thermally evaporated tin metal catalyst. Thermal evaporation of a
5nm mass thickness of tin metal catalyst on AZO-coated glass and Corning glass
7059 were all exposed to plasma pre-treatment for 2 minutes at a Ha flow rate of
100sccm at a pre-set temperature of 300°C and pre-set chamber pressure of
500mTorr. PECVD technique was used for VLS synthesised tin catalysed SINWs
at a H2/SiH4 dilution ratio of R = 5:1 for 30 minutes at a radio frequency of
13.56 MHz. A deposition temperature and chamber pressure of 300°C and 900mTorr
were set respectively. Indium metal top contact electrode was thermally evaporated
on samples of undoped a:Si:H layer and undoped SiNWs grown on AZO-coated-
glass with a mass thickness of 120nm to complete the device fabrication process
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Figure.3 The structural 2-D configuration of Schottky junction
In/SiNWs/AZO-coated-glass solar cell

Device characterisation

The structural, optical and electrical properties of undoped a-Si:H thin film
and undoped SiNWSs arrays are then investigated in this section. Analyses and
characterisations of the morphology of undoped a-Si:H and undoped SiNWs
deposited on AZO-coated glass and optical properties on Corning glass 7059
respectively, were conducted using Scanning Electron Microscopy (SEM) technique
and Ultraviolet and Visible (UV-Vis) spectroscopy. The latter characterisation
method was used to determine and estimate the band gap (Eg) of these
semiconductor absorber materials. Electrical characterization of solar cell devices
fabricated that is, undoped a-Si:H thin film and undoped SiNWs array after
thermal evaporation of indium top metal contact electrodes was carried out with a
Hewlett-Packard (4140B) Pico-ammeter-meter that was coupled to a solar
simulator . The solar simulator was equipped with an Oriel 96005 illumination solar
simulator, 150W from Newport, and filters that were designed to give an output
power density of 1000W/m? or 100mW /cm? when AM1.5 standard test conditions
(STC) are set. Current-voltage (I-V) measurements was carried out by establishing
a direct current (dc) voltage of 1V across each set of devices with a 10mV step size
with connection shown in Figs.4a and 4b below. This was done in order to compare
the electrical properties of both types of Schottky junction solar cell devices.
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Figure.4(a) Shows the structural and the electrical biasing configurations for the current voltage I-V
measurements of Schottky junction undoped In/a-Si:H/AZO-Coated-Glass on the left and Fig.4(b)
undoped In/SiNWs/AZO-Coated-Glass on the right solar cell devices respectively.

Results and discussion

This section discusses the results of characterization and measurements after
the devices have were fabricated. These data were collected after the devices were
measured under STC mentioned above.

Structural characterisation

Fig.5 contains micrographs taken with a scanning electron microscope (SEM)
of an undoped a-Si:H thin film layer. According to the reports (33-35), light
scattering is enabled in thin film a-Si:H due to surface roughness morphology of
AZO-coated-glass (36) on which a-Si:H thin film is deposited. In addition, tiny
islands of a-Si:H thin film are observed, which also mimics the surface roughness
morphology of AZO-coated glass. Furthermore, the non-uniformity in the a-Si:H
thin film and the creation of pinholes going down the AZO-coated-glass surface are
typical for a-Si:H deposited through PECVD method (28) and (36-37).

023pm
0.00pm

200 nm EHT = 20.00 kv Azo Si_03.6f

o o a0t L @y
Figure.5(a) Shows the morphologies of undoped a-Si:H SEM micrographs in 2-D on the left and

Fig.5(b) 3-D and on the right respectively.
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Next we discuss the image of the SEM micrograph of undoped SiNWs array is
shown below in Fig.6. The undoped SiNWs array are composed of highly
disordered, randomly aligned and oriented SINWs array composed of twists and
kinks between each adjacent SiNWs. Variations in diameter, pitch, and length
exist around the average values of SINWSs arrays synthesised using VLS techniques
are characteristic of these kinds of nanowires (38-41). After the growth of these
SiNWs, the formation of white caps with rounded tops as observed in Fig.6 and
this is an indication of Tin metal catalyst residue from SiNWs synthesis process.

0.23pm

0.00 ym

AZO Si w03

G
Figure.6(a) Shows the morphologies of undoped SiNWs SEM micrographs in 2-D on the left and

Fig.6(b) 3-D and on the right respectively

SEM technique was used above, to investigate the surface topography of
materials at both the nano and micro scales. This is accomplished by making use
of focussed beams of electrons that are generated by a metallic filament through
either the thermionic emission or field emission of a cathode. Using SEM, it is
amazingly simple to obtain a picture of a rough two or three-dimensional object at
a low magnification less than 1000x (42). This method of characterisation has a
controllable energy range that can go anywhere from 100eV-30KeV, thus, in this
paper, the Zeiss Evo 15, Leica S430 model at an accelerating voltage of 20KV with
an accuracy working distance (WD) of 8.5mm and 6.54mm at a tilt angle of
45° coupled with image resolutions of 200nm and Ipm for both undoped a-Si:H
thin film and undoped SiNWs arrays respectively has been used to characterise all
the samples (42-43). The images obtained from these samples can be seen to bear
close semblance and agreement to what has been obtained in literature (26-28) and
(38 and 41). The major limitation of SEM imaging is low magnification compared
to Transverse electron microscopy (TEM). As such, some margin of error in
structural characterisation is acknowledged in this work.

Optical characterisation

Optical characterisation process works on the principle of the absorption of
electromagnetic energy with an electronic transitional motion of molecules, creating
an excitation effect on these electrons from an occupied to an unoccupied energy
state or level (44). Infrared absorption corresponds to molecular vibrations within
the substrate or semiconductor material. The optical band gap is eventually derived
by extrapolating the linear portion of the graph to find the corresponding value of
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energy (E), at («E)* = 0, which is the intercept on the x-axis at y=0 . The
absorption coefficient is represented as (o). Silicon based materials are indirect
band gap semiconductors (44-45), the value of x = 0.5. The optical properties of
undoped a-Si:H and undoped SiNWs are investigated in this sub section and
compared in Figs.7a and 7b.
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Figure.7(a) Shows

the plot of Transmittance vs Wavelength and 7(b) v a hv vs Photon energy of
undoped SiNWs and undoped a-Si:H thin film are compared.

The absorption peaks of undoped a-Si:H thin films seen in Fig.7a are consistent
with reported literature (45-46). Undoped a-Si:H thin films exhibit clear evidence
of absorbing light in the ultraviolet region of the spectrum all the way up to a peak
value of 600nm. There is a direct correlation between the maximum absorption
rate and a transmittance rate of 60%. In the portion of the electromagnetic
spectrum known as the near infrared, optical absorption begins to diminish about
800nm, although transmission remains essentially and fairly at a constant level all
the way up to 1100nm. This is because near infrared light has a shorter wavelength
than longer infrared light. The optical band gap is more accurately determined
from reflection and transmission measurements using the Tauc plot (44) as shown
in Fig.7b.

Similarly, in Fig.7a, SiNWs array have a darker surface under visible light,
because they are able to absorb light with wavelengths up to 620nm over the whole
UV spectrum (47). As a consequence of this, the SINWs array exhibits decreased
reflectance and increased absorbance; more specifically an absorption of around
64% in the visible region is observable. There is a possibility that disordered
randomisation of SINWs and its directional alignment within the SINWs array is a
reason for the increased maximum transmittance levels of the SINWs array (47-
49). Regardless of the growth and synthesis method, the optical properties of
nanowires in general, may be described using UV-Vis measurements and optical
band gaps estimated from Tauc plots (44 and 46). As such, in this work, we have
obtained the optical characteristics of the samples by using the Shimazu UV-3600i
Plus UV-Vis spectrophotometer machine which contains a high-performance,
grating-grating double monochromator, and accomplishes a low stray-light level
while maintaining a high resolution. The range of wavelengths extends from 185-
3300nm. This apparatus is capable of performing spectrophotometry on a wide
variety of samples, including those that call for high resolution, like gas samples,
as well as those that are highly concentrated in liquid form. In UV-Vis
measurement, the transmittance T% is computed using the Beer Lambert
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expression in equation 1, in which an absorbing material with equal thickness is
believed to have equal radiant energy traversing it as described below by the list
of equations 1-5.

IT = Ioe_ad [1]
L=T [2]
%T = 2100 [3]
I
A =logyq, i [4]
R =1-A-T [5]
Where,

o]y is the intensity of the incident radiation.

el is the transmitted light intensity.

oT is the transmittance.

e A is the absorbance.

oR is the reflectance.

ea is the absorption coefficient in(cm™).

ed is the thickness of the absorber layer in (cm).

It is essential to remember that incident radiation from the UV-Vis
spectrophotometer influences the amount of radiant energy that travels through
samples of undoped a-Si:H thin films and undoped SiNWs array under test having
given thin film and nanowire approximate thicknesses (d) of 70nm and 250nm
respectively as obtained from profilometer measurements not shown here due to
faulting interface cables to extract the data in excel spreadsheet form. The
absorbance of the silicon structures created for the investigation undoped a-Si:H
thin films and undoped SiNWs arrays were calculated using Equation 5.3 above.
While transmittance is typically expressed as a percentage, there are no units for
absorbance (50). Then the optical band gap describing the optical properties of the
solar cell devices are calculated using UV-Vis data displayed on the graphs in Figs
7a and 7b. Based on UV-Vis measurements, Fig.7b presents the optical band gap
measurement values of undoped a-Si:H and undoped SiNWs array respectively,
having values of 1.68 and 1.70eV. When compared to undoped a-Si:H thin film, the
optical band gap value that was reported and obtained is indicative of the fact
that, undoped SiNWs arrays synthesised in this work, appear to exhibit a
considerable amorphous behavioural phase which appears to be in agreement with
studies carried out by (51-52). Further verification from X-ray diffraction (XRD)
characterisation in Fig.8 below appears to support this notion.
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Figure.8 The XRD patterns of undoped a-Si:H thin film and undoped SiNWs array measured is
compared.

All XRD measurements of undoped a-Si:H thin film and undoped SiNWs array
in this paper was carried out using the Bunker D2 Phaser equipment. The
equipment has a one dimension (1-D) Lynexe detector and 0.02° resolution angle
was utilised to scan the samples. The examinations were conducted with the aid of
a copper anode to generate monochromic X-rays between nickel filters at 1.54
wavelengths with an accelerating voltage of 30KV and current flow of 10mA. Thus,
from Fig.8 above, its noticeable that undoped a-Si:H thin film and undoped SiNWs
array both have their 2 theta-points (20) occurring  between 25°and 27°
respectively. The XRD plot further indicates that there are no visible crystalline
silicon sharp peaks; rather, the diffraction pattern produced for both semiconductor
material exhibits a peak broadening suggestive of amorphous shell structure (51).
XRD is a technique for studying the crystalline structure and crystal phases of a
material. This is done so as to comprehend the crystallinity of an amorphous,
polycrystalline, or monocrystalline semiconductor sample. By measuring the
intensities and scattering angles of the X-Rays emitted from within the atoms of
the material under test, the crystalline structure can be determined. Interactions
between the X-Rays and the atoms of the sample are predominant enough to
produce constructive interference of diffracted waves according to Bragg's Law, i.e.
nh = 2dsind. When samples are surveyed over a range of values known as 20
points. The inbuilt software collects and processes a number of diffraction patterns
(53-54). The peaks indicate the crystallinity of the material. According to multiple
sources, the peak width is inversely proportional to crystal size and directly
proportional to the diffraction angle, i.e. 20. It is vital to realise that no
characterisation technique can be considered flawless. Therefore, it is appropriate
to recognise the possibility that specific mistakes in characterisation may have
arisen in this study, particularly in relation to the optical characterisation of the
samples under investigation, namely undoped a-Si:H thin films and undoped
SiNWs array. The investigation from (55) has revealed that UV-Vis, which was
utilised to establish the optical band gap, has been documented to possess certain
limitations. Stray lights, arising from imperfect wavelength selections, can lead to
the transmission of a small amount of light across a wide range of wavelengths
from the light source. This can potentially introduce substantial inaccuracies in
measurements. Furthermore, the phenomenon of light scattering can introduce a
certain degree of uncertainty in measurements. Additionally, if the components of
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the instrument, namely the cuvette that holds the sample, are not properly
positioned due to geometrical considerations, the obtained results may be
inaccurate (55). It is sufficient to accept that a margin of error may have occurred
due to the usage of a glass substrate containing silicon as opposed to GaAs to
provide a more definite XRD measurement (54 and 56).

Flectrical characterisation

The following sections will present the electrical biassing configuration, band
diagrams, and current-voltage (I-V) characteristic curve measurements for undoped
Schottky junctions In/a-Si:H/AZO-coated-glass and In/a-SiNWs/AZO-coated-
glass solar cell devices. The focus of this article is centred on the comparative
investigation of the electrical properties demonstrated by these semiconductor
devices. This study provides a thorough examination of the approach utilised in
determining the essential circuit and device parameters of Schottky junction solar
cell devices. To perform this, it’s important to establish the theoretical working
principles of Schottky junction device which is already well established from the
knowledge gained in semiconductor physics and extensively researched by many
scholars (56-60). The choice of Schottky solar cells is influenced by their simple
fabrication procedure, coupled with low material costs in comparison to alternative
silicon structures such as pn and p-i-n architectures (60-61). The Schottky junction
solar cell can be regarded as a majority carrier device due to the absence of minority
carrier injection at its junctions (56-57). The formation of a junction occurs when
a metal and semiconductor layers are electrically in contact. The behaviour of the
junction is dependent upon the characteristics of the interface, that is either
Schottky or Ohmic which are primarily determined by the work function and
electron affinity of the metal and semiconductor respectively (56-57). Furthermore,
the presence of surface states can also exert an influence on the characteristics of
the junction that is established. Currently, Schottky junction solar cells offer a
notable benefit compared to pn junction solar cells. This advantage includes a lower
forward turn-on voltage, in addition to the relative simplified structural
architecture. Fig.9 seen below illustrates the schematic structural diagram of a
conventional n-type Schottky junction solar cell.

Photon of Light

Schottky Junction

Electron

Figure.9 Schematic diagram of a n-type Schottky junction solar cell showing the

flow of electrons to the external load represented by the green rectangle adapted

from (57) with photons of light shone at the metal and semiconductor junction to
facilitate electron flow.
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The principle of operation of Schottky solar cells involves the generation of
electron-hole pairs (EHP) at the Schottky interface when photons with energy
exceeding the semiconductor's band gap are absorbed by the device. This leads to
the separation of charges within the device. The migration of minority carriers,
specifically holes (h), into the metal region has a broad impact, leading to the
accumulation of charge in the semiconductor due to the presence of majority
carriers that remain in the material. The quasi-Fermi level of the majority carriers
in the semiconductor exhibits a tendency to shift, as illustrated in Fig.10. It is
noteworthy that in the case of an n-type semiconductor seen below, the quasi-
Fermi level of the electrons is positioned at a certain distance from the junction
and experiences an increase in magnitude with the intensity of illumination. The
quasi-Fermi level exhibits an elevation relative to the Fermi level of the metal. A
photo-voltage is thereby produced in the external load connected to the solar cell,
due, largely to the splitting of the Fermi energy level (57). The tendency of the
semiconductor layer to sustain the difference in the quasi-Fermi level in the
Schottky junction is crucial to maintaining the photovoltaic to electrical energy
conversion.

Photon of light

Vacuum level

E

Vacuum

Barrier height &
- " X Electron Affinity

Built in voltage

Ec Conduction bang

) == == = = ==——Eg. Fermi level
FermilevelEpp a alic o aave

n-Type
semiconductor
S E,, Valence band

O
Figure 10 Simplified band diagram of a metal and n-type semiconductor
Schottky solar cell depicting the thermionic emission across the Schottky junction

under illumination condition adapted and drawn from (57).

At thermal equilibrium, the contact potential between metals and
semiconductors establishes a state of charge carrier transport equilibrium, resulting
in a net current flow of zero. In order to comprehend the current-voltage (I-V)
behaviour of Schottky junctions, it is necessary to examine two distinct
circumstances. The conditions being referred to are forward and reverse voltage
bias. The magnitude of the current is contingent upon the specific biassing
conditions and the level of external voltage applied (58-59). In the context of a
metal-and n-type semiconductor diode operating under forward bias, the
semiconductor layer is electrically connected to the negative voltage, while a
positive voltage is applied to the metal layer. The external voltage acts in
opposition to the inherent voltage present across the depletion layer. Consequently,
the Fermi levels are no longer in a state of equilibrium, but rather exhibit a shift
relative to each other, contingent upon the magnitude of the applied voltage, as
depicted on the left side of Fig.11.

Open Science Journal - August 2023

13



Open Science Journal

Research Article

- L

1 T
I Semiconductor Metal ]

Semiconductor

Evacuum _I_ —T_ — — —

ey = (P, —0)

{ e(Vg-V)
e®g = (P —%) — —— Ep
eV
Ee
— — Er| Egs o
E-
Metal

Semiconductor Metal

Figure.11(a) Metal and n-type Schottky junction solar cells in positive DC voltage bias and Fig.11(b)
negative DC voltage bias conditions on the left and the right respectively adapted from (58), also
indicating the metal work function (¢M), electron affinity (ey), barrier heights (e¢B),built-in-voltage (VBi),
conduction band (EC), valence band (EV), metal fermi-level (EFM), semiconductor fermi-level (EFs) and

applied voltage (eV).
Current-Voltage (I-V) measurements on solar/photovoltaic cells.

Solar cells are devices that convert light energy into electrical power through
the use of semiconductor materials, such as pn junction devices or metal-
semiconductor materials like Schottky junction devices (56-60), as explained in the
field of semiconductor physics and physics of solar cells (62). The process of
electrically characterising solar cells involves the measurement of current and
capacitance in relation to the applied direct current (dc) bias voltage (63).
Typically, the I-V measurements for solar cells are conducted in accordance with
standard testing conditions (STC). These circumstances involve testing the solar
cell devices under an air mass (AM 1.5) spectrum, while maintaining a solar cell
temperature of 25°C, and exposing them to an irradiance power density of
1000W/m? or 100Mw/cm?. Hence, the assessment of the electrical properties of
solar cells performs a pivotal role in the determination of their effectiveness and
the development of approaches to minimise energy dissipation in these solar
devices. In this work, the usage of the Hewlett-Packard (4140B) Pico-ammeter-
meter in combination with the Oriel 96005 illumination solar simulator, a 150W
device manufactured by Newport, and filters that have been specifically built for
this purpose. (63). These equipment’s are made up of software, mathematical
analysis capabilities and graphics to obtain the I-V curves shown later in Fig.13
and Fig.15 of sections 3.3.2 and 3.3.3 respectively. A commonly used electrical
representation of a solar or photovoltaic cell array is an equivalent electrical model,
as depicted in Fig.12. The model consists a current source (Ir) generated through
the optical absorption of photons incident on the solar cell. This current source is
connected in parallel with a diode that mimics the actual solar or photovoltaic cell
array. The diode produces a current (Is) due to diode or reverse saturation. The
model contains two distinct types of resistances, specifically a series resistance (Rs).
This resistance is indicative of various factors, namely; metal contact electrodes,
ohmic losses occurring in the cell front or top surface, junction depth, and
concentration of impurities (64-65). The presence of Rs in a solar cell has the effect
of decreasing the short circuit current (Isc), thereby leading to a reduction in the
maximum power output of the solar cell. Minimising Rs in solar cells is desirable.
In contrast, the shunt resistance (Rsh) characterises the undesired current leakage
occurring at the periphery of the solar cell or as a result of crystal defects within
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the cell. Ideally, it is desirable for the resistance value of Rsh to be significantly
large or approaching infinity from studies conducted by (64-65). As such, there is
a direct relationship between the Rsh and the open circuit voltage of the solar cell
(65-66).

PVCelle

Current Source Diode e

.
| [ ]

Photon of Lighte Shunt} RESlslanCE| ILELEY

Il
* ' H1 ﬂﬁoo

Figure.12 Shows an equivalent electrical model of a solar/photovoltaic cell
array with some randomly selected current source and series, shunt and load
resistance values which are adapted from (64) indicative of some solar cell
parameters drawn with falstad software.

Equation 6 seen below elucidates the correlation between the total current (I)
flowing through the circuit in the presence of a load resistor coupled to an
illuminated solar or photovoltaic cell array. The characterization and measurement
of the current-voltage (I-V) relationship provide essential electrical parameters that
are utilised to estimate the efficiency () of the solar cell.

[ = Is exp [(— - 1)] —IL 6]

From the equation 6, n is a figure of merit called ideality factor (n) which is
dependent on the solar cell temperature. For silicon based solar cells, a good n is
between 1 and 2, with 1 been the best ideality factor of a high performing solar cell
(66-67). The thermal voltage at equilibrium is defined by kT/e which is
approximately 0.0257volts for which k is referred to as the Boltzmann constant
that relates energy to temperature in a system (solar or photovoltaic cell array)
with an approximate value of 1.38x102 joules per kelvin and e depicts electron
charge which is 1.6x10" coulombs. The voltage V = 1V across the diode or solar
cell in this instance (68) is also depicted in the equation. The maximum power
point (Pmax), which is determined by the product of the maximum current (Imax)
and the maximum voltage (Vimax) obtained as the area under the curve shown by
the shaded black rectangle from a typical forward bias I-V curve shown in Fig.13
below is a vital parameter of a solar or photovoltaic cell device. The blue and
orange curves are representation of the solar cell response under dark and
illuminated conditions during the I-V characterisation process respectively.
Furthermore, the open circuit voltage (Vo) can be defined as the maximum
attainable voltage of a solar cell when the current through the device is zero,
resulting from the terminals being unconnected. The open-circuit voltage of a solar
cell is influenced by the forward bias voltage V across the device. Another
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important electrical parameter is called the short circuit current (Isc) which can be
defined as the current that passes through the solar cell when the voltage V across
it is reduced to zero. For an ideal solar cell, it is commonly noted that the
magnitudes of the IL and I are equal. Hence, it may be asserted that the Isc
denotes the utmost magnitude of current that can be derived from a solar cell (68-
69).

Current (I) A
4
r Current (1) in forward
bias

- SN

_l AMaximum Voltage (Vmax) |
| Saturation current (Is) |

| Open Circuit Voltage (Voc) [

| AMaximum current (Imax) I

| Short Circuit Current (Isc) -.I—/T:mum Power (Pmax)

v

Figure 13 A typical current-voltage (I-V) curve of an ideal solar or photovoltaic
cell drawn and adapted from (64) presented as a linear format

It is instructive to note that the I-V curves are also presented in semilog format
as will be seen later in sections 3.3.2 and 3.3.3. Semi-log scale is useful for data
with exponential relationship where one variable covers a range of values. The
other important parameters that can be derived from I-V curve measurements are
fill factor (FF) and solar cell efficiency (n). The fill factor is a measure of the
squareness of the current-voltage characteristic curve depicted by the shaded
rectangular area of shown in Fig.13. In this context, the FF can be defined as the
ratio of the maximum output power to the product of the Isc and Voc in a solar
cell (69), described in the mathematical formula below:-

Fill Factor (FF) = ‘max/max [7]

ISC‘/OC

Consequently, the solar cell efficiency (n) can therefore be obtained from the
mathematical equation seen below:-

Efficiency (n) =22 x100% [8]

Pin is the described as the input power delivered to the solar cell which is based
on the total incident radiant energy on the total surface area of the solar cell which
is 1000W/m? or 100mW /cm?2. Its worth mentioning here, that each solar cell
semiconductor absorber material area (A) expressed in cm? is the total surface
area receiving the incident radiant energy or the product of the incident radiant
energy and total surface area. For undoped In/a-Si:H/AZO-coated-glass and
undoped In/SiNWs/AZO-coated-glass the total surface area (A) measured is
0.0177cm? based on the diameter of the circular thin metal masked used in the
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laboratory. The value of n of the solar cell mentioned earlier can also be determined
by plotting a graph of the natural logarithm (In) of the I versus the applied voltage
(V) across the solar cell in dark condition as extracted from the I-V characteristic
curve measurements (69-70) and the mathematical expression to support this
procedure is stated in equation 9. Thus, from equation 10, which represents the
slope m of the graph, by transposing the equation, the values of n can be
determined (71). The values of n for all sets of solar cell devices fabricated in this
work were calculated by employing the slope of the linear region in forward bias
through the process of extrapolating the point of intersection with the y-axis,
particularly at the applied direct current (dc) voltage of zero when the of graph
(In I) is plotted against the voltage (V) applied across these device.

In (1) = In (Is) + = (& [9]
and
m=-x = [10]

In summary, the I-V curve measurements acquired from the I-V curve in this
investigation are presented in a semi-logarithmic format. In order to deduce the fill
factor and the efficiency of the solar cell devices fabricated in this study. An
alternate approach was implemented to compute these values which involved the
utilisation of equations 11 and 12, as explored by (71), due to the exponential
characteristics and apparent asymmetry observed in the graphs. Based on the
findings of previous research (71), there exists a profound correlation between the
Voc and Vmax parameters, as represented by a semi-empirical equation denoted
as equation 11 which represents a single diode model for the fabricated devices as
explained in Fig.12 above earlier in this section. Furthermore, the research
conducted by (71) also demonstrates that FF is dependent on V., exhibiting a
consistent increase when the V. value increases. Moreover, the parameters Vo, Lsc,
and n were easily derived by the analysis of the I-V characteristic curve, taking
into account established constants of thermal voltage at equilibrium which is
0.0256V stated in the literature on semiconductor physics and solar cell physics
(64) and (67-71).

\
_ Voc_g X Ln[(e OC)+O.72]

KT
FF = Voo kT [11]
_ FFxI5cxVpe
Il B Pinx A [12]

In the next sub-sections, the theory of band alignments and results obtained
from I-V curves are presented and discussed.Its worth mentioning that the values
of the rectification ratio (RR) measured in dark condition is just the ratio of the
forward diode current (I) to the diode or reverse saturation current (67).

Band diagram and current-voltage vurve of In/a-Si:H/AZO-coated-glass
The undoped Schottky junction In/a-Si:H/AZO-coated-glass solar cell band

diagram is drawn not to scale with the vacuum serving as the reference point is
shown in Fig.14.
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Figure.14 The band diagram of undoped Schottky junction In/a-Si:H/AZO-
coated glass solar cell not drawn to scale. In/a-Si:H interface is the Schottky
contact electrode, while, a-Si:H/AZO-coated-glass interface is the ohmic contact
electrode.

Indium metal is used as the top contact electrode, while, AZO-coated-glass is
the bottom contact electrode as represented in Fig.14 for both samples of
fabricated solar cell devices. Indium metal has a work function (e¢wm) of
approximately 4.12eV, while that of AZO-coated-glass is estimated between 4.4-
4.8eV and a band gap (Eg) is 3.4eV according to research conducted by (72-73). In
this work, we have adopted the lower limit of 4.4eV for analysis. The differences
between the ¢m and sum of electron affinity (ey) and Eg at the In/a-Si:H interface
is higher than the difference in the e¢pm and sum of ey and E; at the a-Si:H/AZO-
coated-glass interface. As such, this produces the barrier heights (eds) of 1.51eV
and 1.23eV at the In/a-Si:-H and a-Si:H/AZO-coated-glass interfaces respectively.
We have assumed a scenario for which undoped a-Si:H as exhibiting p-type silicon
characteristics. As a consequence of this, the In/a-Si:H interface is the Schottky
junction contact of the solar cell device, whereas the a-Si:H/AZO-coated-glass
interface is the Ohmic junction contact electrode at the bottom (74-77).The
analysis of the band alignment in Fig.14 however, appears to be in sharp contrast
to research conducted by (78). They specifically observed that undoped a-Si:H
exhibited n-type silicon characteristics. This is due to the introduction of
unintentional oxygen doping into the lattice of undoped a-Si:H layer which causes
an upward shift of the fermi level close to the conduction band (78). If this were
the case, then, edpp will be equal to the difference in the epm of the top and bottom
contact electrodes, with respect to the ey of the semiconductor respectively as
expressed in equation 13 below. Hence, the barrier heights will be 0.19eV at the
In/a-Si:H and 0.47eV at the a-Si:H/AZO-coated-glass interfaces respectively (77-
78).

The values seem to indicate interface characteristics that are diametrically
opposed to those that are obtained from the measurements of the I-V characteristic
curves measurement of six randomly selected In/a-Si:H/AZO-coated glass solar
cell devices fabricated with ten devices on a sample are presented in Fig.15 below.

eds = edm - ey [13]
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Figure.15 Shows the current-voltage (I-V) characteristic curve measurement
of undoped Schottky junction In/a-Si:H/AZO-coated-glass solar cell in semi-log
scale.

As observed from the I-V characteristic curve measurement in Fig.15, we notice
that undoped Schottky junction In/a-Si:H/AZO-coated-glass demonstrates some
diode characteristics and rectifying behaviour (76-77), with all devices having an
average rectifying ratio of 102. This diode behaviour and rectifying properties may
be attributed to reduced series resistances and large shunt resistance in the
undoped Schottky junction In/a-Si:H/AZO-coated glass solar cell device as a
whole. It has been reported that these six devices have an average Isc of (5.27 +
2.39)pA, an average Voc of (0.26 + 0.04)V, and an average n of (4.35 £+ 0.26).
The values for the average Voc obtained from the I-V characterisation
measurements are in agreement with values reported in typical Schottky junction
solar cell and electronic devices (75-76 and 80). Furthermore, it's suspected that
the considerable contact resistance at the In/a-Si:H-interface is responsible for the
low average values reported for the Isc (79-80). However, under dark condition, as
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indicated by the black coloured dots in the I-V curves, there appears to be a large
number of trapped charge carriers. This is perhaps due to increased recombination
activities within the undoped Schottky junction In/a-Si:H/AZO-coated glass solar
cell device, coupled with heightened interface states phenomenon at the In/a-Si:H
interface (81-83). This action of charge carrier trap states in dark seems to be in
contrast to the position of Indium with respect to the middle of the silicon bandgap
and minimum temperature VLS synthesised SiNWs as specified in Fig.1. The
theory behind metals in relation to Silicon is that metals that are located further
away from the middle band gap of silicon in Fig.1, such as, indium, gallium,
aluminium metals will not form deep level traps with silicon based materials (1)
and (11). This is in contrast to the case of gold located closer to silicon middle
band gap and is known to form deep trap states within silicon lattice (73). On the
other hand, it has been observed that under light conditions, the charge carriers
have acquired sufficient kinetic and intermolecular energy to break free from the
trap states in the a-Si:H layer, thereby moving into the conduction band as free
charge carriers for charge extraction at the Indium top contact electrode. From the
equations 11 and 12 listed earlier, the estimated efficiencies of these fabricated
devices have been computed for all six devices shown in Fig.15 above. The table
provided below presents a summary of the solar cell parameters for undoped
Schottky junction In/a-Si:H/AZO-coated-glass solar cell devices. The values of
Voc, Isc, Is, and RR have been directly derived from measurements of the I-V
characteristic curve. On the other hand, the values of n, FF, and n were determined
by a combination of I-V characteristic curve data and the use of equations 10, 11,
and 12, respectively.

Table.1, the extracted solar cell/photovoltaic electrical parameters from the I-V measurements of undoped

Schottky junction In/a-Si:H/AZO-coated-glass.

Open Short Dark Ideality Rectification Fill Efficiency of
circuit circuit saturation Factor Ratio Factor solar cell
voltage Isc(nA) Current (n) (RR) (FF) m)%
Voc(V) Is(nA)

0.36 0.02129 0.05094 3.99 102 0.0754 3.26 x10*
0.24 6.39 8.197 4.42 102 0.0680 5.89 x10*
0.23 6.34 8.858 4.20 102 0.0672 5.53 x10*
0.24 5.47 7.381 4,71 102 0.0680 5.04 x10*
0.25 6.24 23.403 4,12 102 0.0688 6.06 x10*
0.25 7.13 89.049 4.63 102 0.0688 6.92 x10*

As observed from the table above, the fabricated solar cell devices investigated
in this work all exhibit average 1% values is (4.78 x10* £+ 1.15 x10**) which is
rather far lower than what has been reported in previous work (61),(68),(76-78)
and (84-85). This low n% values which are reported is suggestive of increased
recombination activities within the lattice structure of these devices. Additionally,
the likelihood of the presence of metal induced gap states (MIGS) evidenced by the
high values of n deduced from measurements and observed on Table 1, is perhaps
a contributory factor to the low n% values reported in this work. Consequently,
there is a possibility the n% of these devices can be improved through careful
optimisation of process parameters, increasing the solar cell area, alloying with
other materials and light doping (84-85). The graphs used to determine the ideality
factors of the In/a-Si:H/AZO-Coated-Glass are seen in Fig.16 on the next page.
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Figure.16 Shows the corresponding natural logarithm of current In I versus applied voltage
across the undoped Schottky junction In/a-Si:H/AZO-coated-glass solar cell used to derive the

ideality factors.
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Band dfiagram and current-voltage curve of In/SiNWs/AZO-coated-glass

The undoped Schottky junction In/SiNWs/AZO-coated-glass solar cell band
diagram is drawn not to scale with the vacuum serving as the reference point are
shown in Fig.17.
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Figure.17 The band diagram of undoped Schottky junction In/SiNWs/AZO-
coated glass solar cell not drawn to scale. Both In/a-Si:H and a-Si:H/AZO-
coated-glass interfaces exhibit ohmic contact properties.

In spite of the fact that the difference in the sum of E; and ey of the undoped
SiNWs array and epm of the indium top contact electrode is 1eV higher than what
was obtained with undoped a-Si:H thin film solar cells devices as observed from
the I-V characteristic curve measurement in Figl5. We notice that undoped
Schottky junction In/SiNWs/AZO-coated-glass demonstrates ohmic and non-
rectifying junction behaviour (76-78). This is thought to be the result of fermi level
pinning activities, which resulted in the introduction of MIGS into the band gap
of SINWs array (83). Furthermore, its suspected there is very high series resistance
between the In/SiNWs interface as a result of the tin metal cap residue on the
SiNWs arrays. Tin metal cap residue is reasoned as enhancing the formation of an
Ohmic and non-rectifying junction properties in spite of the higher differences in
the edpp between In/SiNWs interface compared to In/a-Si:H interface. Thus, eps at
the In/SiNWs and SiNWs/AZO-coated glass interfaces are 1.61eV and 1.33¢V
respectively. If, on the other hand, we take into account the tin metal cap residue
on the SINWs array, then the edp at the Sn/SiNWs and SiNWs/AZO-coated glass
interfaces are, respectively, 1.43eV and 1.33eV. Due of the very close values of the
edn, it is possible present a hypothesis that, the latter values of the barrier heights
could be responsible for the ohmic and non-rectifying junction behaviour observed
in the I-V characteristic curve measurements (75-82), seen in Fig.18 below.
Therefore, the mathematical expression in equation 7 depicts the formular for the
edpp for p-type semiconductor material which has been applied to both solar cell
devices investigated in this work.

eds = Eg+ ey - edm [7]

The I-V characteristic curves of six randomly selected In/SiNWs/AZO coated
glass solar cell devices fabricated with ten devices on a sample are presented below
in Fig.18.
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Figure.18 I-V characteristic curve measurement of undoped Schottky junction In/SiNWs/AZO-coated-

glass solar cell in semi-log scale.

The measurements of the I-V characteristic curve shown in Fig.18 are ohmic
and non-rectifying behaviour. Shorting out of the SINWs array to the AZO-coated
glass bottom contact electrode is reasoned to also be a major factor of this
phenomenon. Additionally, it is hypothesised that there may be increased series
resistance between the indium top contact electrode and the array of SINWs caused
by the residue of tin metal catalyst (86-88). Furthermore, the formation of the
ohmic and non-rectifying properties observed may also be influenced by oxidation
process (89-91) occuring on the surface of the SINWs array-interface as a result of
its interaction with the surrounding ambient air after removal from PECVD
chamber. The efficiency values of these solar cell devices cannot be computed as
they do not exhibit any solar cell rectifying characteristics. Thus, based on the fact
that no pronounced solar cell bevaviour and rectification properties is observed,
there was no need to prepare a table of measured and computed values as seen for
undoped In/a-Si:H/AZO-coated-glass in Table.1 above.

Conclusion

In this comparative study of the electrical properties of undoped Schottky
junction In/a-Si:H/AZO-coated-glass and In/SiNWs/AZO-coated-glass, the
possibility of using indium as a top contact-electrode being a potential to obtaining
enhanced solar cell electrical device characteristics was investigated. At this point,
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it is important to note that at least ten samples of each sets of device were
fabricated, and the measurements of their respective I-V characteristic curves
measurements appear to have similar behaviour and good reproducibility when
compared to the six samples of each device that were reported in this work.
Nevertheless, despite indium's position with respect to middle band gap of silicon
when considered as 1.12eV on the impurites of various metal chart. Charge carrier
traps was observed in both sets of solar cell devices fabricated, which suggested
some trap assisted recombination acitivities of charge carriers based on data
recorded on the basis of information obtained from the I-V characteristics curves.
Solar cell behaviour and rectifying properties were demonstrated for all In/a-
Si:H/AZO-coated glass devices, based on the measured values of Voc, Isc, Isc, RR
and n. The sets of undoped In/SiNWs/AZO-coated glass solar cell devices on the
other hand, did not exhibit any solar cell behaviour; as a result, no meaningful
solar cell data could be retrieved from the I-V characteristic curve measurements.
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