Scholars' Mine
Doctoral Dissertations

Student Theses and Dissertations

Spring 2020

Design and fabrication of field-effect III-V Schottky junction solar
cells
Amirhossein Ghods

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations
Part of the Electrical and Computer Engineering Commons

Department: Electrical and Computer Engineering
Recommended Citation
Ghods, Amirhossein, "Design and fabrication of field-effect III-V Schottky junction solar cells" (2020).
Doctoral Dissertations. 3126.
https://scholarsmine.mst.edu/doctoral_dissertations/3126

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

DESIGN AND FABRICATION OF FIELD-EFFECT III-V
SCHOTTKY JUNCTION SOLAR CELLS
by
AMIRHOSSEIN GHODS
A DISSERTATION
Presented to the Faculty of the Graduate School of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY IN ELECTRICAL ENGINEERING
2020
Approved by:
Ian T. Ferguson, Advisor
Chuanle Zhou, Co-Advisor
Steve E. Watkins
Chang-Soo Kim
Maciej J. Zawodniok
Benjamin D. B. Klein

© 2020
Amirhossein Ghods
All Rights Reserved

iii
ABSTRACT

A new concept of field-effect photovoltaic devices with a focus on design and
fabrication of single and multi-junction solar cells using III-V materials has been shown
and proved. Schottky solar cells based on metal-(insulator)-semiconductor (M-I-S)
structure have been designed and fabricated using various wide bandgap semiconductors,
such as GaAs and Al0.3Ga0.7As. A secondary bias layer has been introduced to the device
structure, in which it creates additional band bending and subsequently depletion region at
the flat band regions on the top surface of the device. It should be mentioned that the bias
layer is designed to be electrically isolated from the main current collection contacts, in
order to prevent the decrease in Schottky barrier height due to change in applied forward
voltage or external load resistance. The electrical and optical characterization results from
these Isolated Collection and Biasing Schottky Solar Cells (ICBS) show an improvement
in photovoltaic response compared to conventional Schottky junction solar cells. This
demonstrates the effectiveness of this novel strategy to design and fabricate high-efficiency
multi-junction solar cells.
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1. INTRODUCTION

1.1. A ROADMAP TO ADDRESS GLOBAL WARMING
Reduction of greenhouse gas emission has been one of the major focuses during
the last decade among many governmental and non-governmental entities. According to
the ground-breaking Paris Accord, which was negotiated, agreed upon among more than
170 nations around the world, substantial efforts are needed to be made in order to keep
the level of rise of global temperature below 2 ℃ by the year 2050, as shown in Figure
1.1 [1]. This, in other words, means reduction of emission of carbon dioxide by more
than 70% compared to the current levels.

Figure 1.1 Efforts needed by different international entities to reduce the total
greenhouse gas (GHG) emission in the next decade [1].
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Renewable energy sources have been receiving lots of attention due to their
“green” nature, in which they can generate electrical or mechanical power without
emitting greenhouse gases. Based on the estimations from U.S. Energy Information
Administration (EIA), as of 2017, about 11% of the United States’ energy consumption is
being supplied by the renewable sources [2]. Solar energy sources occupy about 6% of
the total amount of renewable sources. However, due to their availability, accessibility,
and cheaper price, the demand for use of solar energy is growing across the globe for
research and development purposes, and also in many other cases, for large scale
manufacturing processes. Tesla solar roof, portable solar chargers, off-grid solar powered
manned and unmanned devices and vehicles are all among examples of application of
this renewable energy source to meet the increasing energy demands.

1.2. CURRENT STATE OF SOLAR CELLS
As mentioned earlier, the growing attention to use solar energy to meet world
energy demands has led to large investments and research works during the last few
decades. However, the biggest two challenges have been to increase the power
conversion efficiency (PCE) of the solar cells, while reducing their cost for large-scale
fabrication [3].
In order to increase the maximum power conversion efficiency in solar cells, most
works have been done to optimize the structure of the semiconductor layers used in a
solar cell. In a typical solar cell, shown in Figure 1.2, the photons from the solar spectrum
are illuminated to the surface of the solar cells, which are usually made based on a
junction between n- and p- type semiconductor layers. Depending on the bandgap energy
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of semiconductor material, i.e. the energy level difference between the edge of valence
and conduction bands in which the electrons can move from confined to the free state,
these photons are either: 1) absorbed within the active layer of solar cell, 2) reflected
back to the ambient environment, or 3) transmitted throughout the solar cell and exit from
the rear side. Photons with energy levels equivalent to or higher than bandgap energy of
the semiconductor are subsequently absorbed at the junction interface, leading to
generation of the free electron and hole pairs. The directional drift of these charge
carriers away from the junction interface leads to generation of a photo-induced current
and voltage.

Figure 1.2 Basic operation of a solar cell. 1) light energy absorption within active
layer of the solar cell 2) free charge carrier generation, and 3) generation of photocurrent and voltage.
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As mentioned earlier, the level of photon absorption and the solar cell’s power
conversion efficiency is determined depending on the semiconductor’s bandgap. In 1961,
physicists William Shockley and Hans Joachim Queisser calculated the maximum
theoretical power conversion efficiency of solar cells achievable from a simple p-n
junction structure [4].
As can be seen in Figure 1.3.a, a maximum theoretical PCE of around 32% is
calculated for solar cells made using semiconductor with bandgap energy around 1.1 eV,
under typical solar illumination condition of AM1.5g, equivalent to 100 mW/cm2. It
should be noted that only 32% of solar energy is converted into electrical power and the
rest in either not absorbed (below bandgap photons), thermally wasted due to relaxation
of hot photons with energy higher than the bandgap, reflected from the top surface of the
solar cells, or non-radiatively recombined, resulting into huge losses in power conversion
efficiency of the solar cell, Figure 1.3.b.

Figure 1.3 Maximum theoretical power conversion efficiency of a simple Si p-n
junction solar cells. (a) Shockley-Queisser detailed balance limit, (b) Breakdown of
other loss mechanisms contributing to lowered PCE [4].
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During the last two decades, there has been numerous efforts in order to reduce
the electrical, optical, and thermal losses in the solar cells, with the aim to increase their
power conversion efficiency. Silicon solar cells are dominating the solar energy market
mainly due to two reasons: 1) matured technology in development of Si solar cells, and 2)
availability and abundancy of the semiconductor material, resulting into lower production
cost for large-scale fabrication of these devices. Moreover, a steady power conversion
efficiency of Silicon, had made it a favorable choice for design and fabrication of
industry-scale photovoltaic panels. However, due to relatively low and stagnant practical
power conversion efficiency of around 25% for Si-based solar cells, other works have
been done to investigate other suitable materials which can replace Si with better
performance, higher PCE, and possibly similar or lower cost.
Figure 1.4 shows the research works since 1993 done to investigate different
materials and structures in order to achieve higher power conversion efficiency than 25%
that is typical for the Si-based solar cells [5]. Copper indium gallium selenide (CIGS)
with tunable bandgap energy of 1-1.7 eV is used to fabricate thin-film flexible solar cells.
In [6], CIGS solar cells are fabricated on flexible copper foil and graphene has been used
as hole transport layer, resulting into power conversion efficiency of 9.91%. Recently, T.
Kato et al. at Solar Frontier have achieved a record high power conversion efficiency of
22.9% in development of a 1 cm2 CIGS (Cu(In1-xGax)(Se,S)2) solar cells, in which alkali
treatment using cesium on the solar cells has led to a boost in device performance [7].
Cadmium telluride (CdTe) based solar cells are also of interest due to their lower
production cost than Si based solar cells, and comparable power conversion efficiency
with that of Si-based devices. First Solar announced in 2014 to have built CdTe-based
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solar cells with record high PCE of 21% certified for industrial and large-scale
fabrication [8]. However, due to the environmental concerns because of potential toxicity
of Cd, and also the usage of rare-earth element such as tellurium, CdTe may face
difficulties and limitations in large-scale fabrication over a long period of time [9].

Figure 1.4 Achieved practical efficiency of solar cells with different semiconductor
materials and structures. Red-line represents the average PCE of Silicon-based solar
cells [5].

In the recent years, organic or hybrid solar cells, in which an organic-based
material (usually polymer) is used in either one or all light-absorbing active layers of the
solar cell structure, are being investigated due their interesting electrical and optical
properties, such as transparency, flexibility, light-weight, and more importantly, easier
fabrication process, which enables possibility of large-scale fabrication of these solar
cells. In [10], a new polymer donor, called as PBDB-T-SF is used to fabricate fullerene-
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free organic solar cells with thickness of around 100-200 nm and record high PCE of 1213.1%, as shown in Figure 1.5. One of the major disadvantages of organic solar cells is
short-lifetime of these devices, mainly due to deterioration of the organic material which
can possibly reduce the rate of photo-generated current. There are several solutions in
order to address the short lifetime of organic solar cells, such as using inverted structure,
encapsulation using an insulating material, and other optimized processing steps, which
will be discussed accordingly in the subsequent sections.

Figure 1.5 J-V characteristics of the fullerene-free organic solar cell with record high
power conversion efficiency of 13.1% [10].

1.2.1. Silicon-Based Solar Cells. As mentioned previously, a power conversion
efficiency of above 30% can be theoretically achieved in a solar cell with bandgap energy
around 1.1 eV considering the Shockley-Queisser limit. Silicon with an indirect bandgap
of 1.1 eV has been the most common choice for the use in solar cell material due to its
close match with the optimized bandgap energy, earth abundancy, and also maturity in

8
design and fabrication process. These materials can be grown in main two forms of
single- and polycrystalline structure, using methods, such as CZ (Czochralski) or CVD
(chemical vapor deposition) [11].

Figure 1.6 Energy band structure of Si and GaAs. (a) Indirect bandgap Silicon, where
the position of edge of valence and conduction bands are different. This results into
large levels of non-radiative recombination in these devices; (b) direct bandgap GaAs.
The position of edge of valence and conduction bands are similar, resulting into
effective radiative recombination of free charge carriers.

However, due to silicon’s indirect bandgap that results into large levels of nonradiative recombination of free charge carriers, different loss mechanisms, and other
issues during the fabrication process, the practical power conversion of Si-based solar
cells are limited to no more than 25%. Figure 1.6 shows the representative band structure
for indirect bandgap Si and direct bandgap GaAs, and how the indirect bandgap of Si
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leads to larger non-radiative recombination rate, leading to deteriorated photovoltaic
response.
Amorphous Silicon is the other form of which Silicon can be grown and used in
photovoltaic devices. With an optical bandgap energy of 1.7 eV (730 nm), amorphous
Silicon can be used either in the form of p-i-n and n-i-p structure, to absorb more visible
parts of solar spectrum in comparison to crystalline silicon (1100 nm). However, higher
growth and fabrication cost and also lower power conversion efficiency in the range of
13-15% than the crystalline Si solar cells, have limited large-scale development of this
type of solar cells [12].
1.2.2. Single and Multi-Junction Solar Cells. As discussed previously, when
the solar spectrum is illuminated on the surface of solar cell, the photons can be either
reflected from the top surface of solar cell, be absorbed within the active layer of the
solar cell or be transmitted throughout the device. It was also mentioned that depending
on the bandgap energy of active semiconductor layer in the solar cells, the photon can be
either absorbed or not. In other words, photons with lower energy than the
semiconductor’s bandgap will be likely not absorbed and will be transmitted throughout
the device. In single junction solar cells, the photon absorption process happens mostly
close to the bandgap of the semiconductor, in which most of photons with energy close to
the bandgap are absorbed and generate free electron-hole pairs. On the other hand,
photons with higher energy than the bandgap (hot photons) are absorbed, but also lose the
energy difference between their energy and bandgap energy in the form of thermal
relaxation. This leads to large losses of photons within the solar spectrum and
consequently lower power conversion efficiency in single junction solar cells.
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Figure 1.7 Schematic view of multi-junction structure solar cells. Existence of several
sub-cells (single junction cells) results to multiple-absorption peaks within the solar
spectrum, leading to a higher power conversion efficiency in these devices in
comparison.

Multi-junction (tandem) thin film solar cells have the potential to achieve higher
practical efficiencies than other existing technologies. The purpose of a multi-junction
structure is to capture a large fraction of solar spectrum over a wider range of photon
energies and minimize thermal losses of the absorbed energy. In multi-junction solar
cells, stacking of several single junction structures on top of each other, leads to creation
of multiple absorption peaks, where each absorption peak corresponds to one single
junction structure. This results into a more efficient photon absorption process and higher
power conversion efficiency in comparison to single junction solar cells. Figure 1.7
shows a schematic view of a multi-junction solar cell, in which existence of multiple subcells, leads to a more efficient photovoltaic response. In this structure, photons with the
highest energy are absorbed at the top cell with a wider bandgap, whereas the lower
energy photons are absorbed at the mid- and bottom cells with a narrower bandgap.
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As shown in Table 1.1, multi-junction concept was considered theoretically in the
case of sub-cells operating at the ideal radiative limit at the optimal band energies, to
ascertain the maximum theoretical power conversion efficiency for structures with
different number of junctions [13]. For example, for a dual-junction structure, a top cell
operating at 1.8 eV and a bottom cell operating at around 1 eV would result into
maximum theoretical power conversion energy of 42%.

Table 1.1 Optimal bandgap energies for multi-junction structures with n sub-cells [13].
n

PCE (%)

Eg1 (eV)

Eg2 (eV)

Eg3 (eV)

Eg4 (eV)

1

30

1.3

-

-

-

2

42

1.8

1.0

-

-

3

49

2.3

1.4

0.8

-

4

53

2.6

1.8

1.2

1.8

Improved power conversion efficiency of more than 30% has been documented in
multi-junction solar cells based on compound semiconductors, such as III-Vs and II-VIs,
and also their combination with Si [14]. A record high efficiency of 40.4% has been
achieved for a triple junction InAlAs/InGaAsP/InGaAs with bandgap energies of
1.93/1.39/0.94 eV. In this structure, each sub-cell absorbs solar spectrum and creates a
photo-current at a distinct wavelength range corresponding to the bandgap of that subcell, Figure 1.8. This leads into improved photovoltaic response of this tandem structure,
in which an open-circuit voltage of 3.1 eV, a short-circuit current density of 13.06
mA/cm2, and a fill factor of 92.02% has been achieved [15].
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Figure 1.8 Triple junction InAlAs/InGaAsP/InGaAs solar cell. The subcells have
bandgap energies of 1.93/1.39/0.94 eV and efficiency of 40.2% [15].

Moreover, PCE of 35.9% for a dual- and triple-junction III-V based solar cells has
been achieved for a (GaInP/)GaAs//Si tandem structure under standard illumination
condition of AM1.5g, in which top and bottom cells are mechanically stacked on each
other and operated independently [16]. It has been shown that by stacking the two
junction GaInP/GaAs on Si, the short circuit current density drops from about 14 mA/cm2
to 11 mA/cm2, mainly due to current mismatch between these two cells. However, the
open-circuit voltage significantly increases from 2.5 to 3.2 V, in which it increases the
total power conversion efficiency from 32.8% to 35.9%. Cario et al. have developed a
monolithic GaInP/AlGaAs//Si triple-junction solar cell with efficiency of up to 30.2% at
1-sun AM1.5g [17]. Also, the same authors have increased the power conversion
efficiency of their solar cells up to 33% by passivating the contacts using polySilicon/SiOx and also adding rear-side diffraction grating for improving the photoncollection efficiency at the bottom Si sub-cell [18].
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Figure 1.9 TEM image of (a) 650 nm epi-Si grown on GaAs substrate using CVD
technique at 175℃, and (b) zoomed-in region at the junction interface [19].

In order to address the sub-cell integration in a solar cell and reduce the negative
impact of current mismatch and also possible crystal defects at the interface of each
junction, authors in [19] have grown crystalline Si on top surface of GaAs. This has been
done by first removing the native oxide layer from the top surface of GaAs and then
growing 650 nm of epi-Silicon using chemical vapor deposition (CVD) technique at 175
℃ with SiH4/H2 precursors. The resulting thin films, as shown in Figure 1.9,
demonstrates a crystalline epi-Si wafer relaxed on the GaAs substrate without any cross
diffusion of Si into the GaAs, resulting into a good quality and sharp junction interface.
1.2.3. Organic/Inorganic Hybrid Solar Cells. The active layer in an organic
solar cell consists of an organic material, mostly polymer, in which it absorbs the photon
energy, and the created free charge carrier leads to photo-current generation within the
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solar cell. However, due to short lifetime of the organic material, the power conversion
efficiency of these solar cells is limited to less than 15%.

Figure 1.10 Representative energy band structure for a hybrid solar cell. It consists of
an inorganic semiconductor layer acting as the active photon-absorbing layer, and an
organic layer acting at the electron/hole transport layer. Creation of built-in potential
at the junction interface leads to separation of charge carrier and photo-current
generation.

One approach to increase the efficiency of these organic solar cells that has been
proposed in the last few years is to integrate them with an inorganic semiconductor
material, in order to increase the photon collection and absorption efficiency. In these
hybrid devices, the inorganic semiconductor acts as the active light absorbing layer, and
the organic layer acts as the electron/hole transport layer to the top/bottom contacts.
Figure 1.10 shows a representative band structure for these devices, in which a built-in
potential is induced at the heterojunction interface, leading to separation of electron-hole
pairs and generation of photovoltaic response.
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1.3. III-V MULTI-JUNCTION (TANDEM) SOLAR CELLS
In this section, application of III-V compound semiconductor for designing and
fabrication of high efficiency multi-junction solar cells is reviewed. Unique electrical,
chemical, optical, and magnetic properties of these compound semiconductors in addition
to the tunable bandgap energy, make them suitable for use in tandem structures for
capturing large portions of the solar spectrum.
1.3.1. III-V Compound Semiconductors. This group of compound
semiconductors are based on elements from group III and V, giving more than ten binary
and ternary combinations, such as GaAs, GaN, AlAs, and InGaAs. As mentioned earlier,
these semiconductors inherit unique electrical, optical, and magnetic properties.
Figure 1.11.b shows the lattice constant versus optical bandgap of some of III-V
semiconductors, whether with direct or indirect bandgap [20].

Figure 1.11 Compound III-V semiconductors. (a) They are made from group III and V
elements, (b) bandgap vs lattice constant of some III-V semiconductors: ternary
semiconductor’s bandgap can be tuned based on the content level of different
elements [20].
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It can be seen in case of ternary compounds, the bandgap can be varied based on
the value of x and using the Vegard’s law. For example, the bandgap of AlxGa1-xAs can
be varied between 1.4 eV (GaAs, direct) and 2.2 eV (AlAs, indirect). This tunable
bandgap makes III-V semiconductors a very suitable choice for use in multi-junction
solar cells, where different sub-cells with varying bandgap energies are required.
1.3.2. Bandgap Engineering in Multi-Junction (Tandem) Structures. As
mentioned earlier, the ability to tune of the bandgap gives III-V semiconductors a major
advantage for use in tandem solar cells, in which different sub-cells with varying
bandgaps are required. In addition to the bandgap, a tunable lattice constant, allows for
growth of high-quality multi-layer heterostructures with a relatively high crystal quality.
This is of major use for growth of different layers, such as window, active, electron/hole
blocking/transfer, and buffer layers, in which an optimized lattice constant helps to
achieve a reduced level of misfits, lowered electron-hole recombination rate, and a better
overall quality of the solar cell structure.
E. Ahmad et al. have been able to tune the bandgap energy of GaAs nanowires
with the length between 2-6 μm by incorporating Sb with content level between 2.8-16%.
It was observed that by incorporation of Sb at 16%, the bandgap of the compound
material decreases down to 1.13 eV, while the crystal quality remains high and free of
any defects [21]. Authors in [22] have been able to grow InxGa1-xN/GaN quantum wells
with thickness of 10 nm using Molecular Beam Epitaxy (MBE) technique. It was
observed that by varying the growth temperature between 750-790 ̊C, and also changing
the In content level between 11-47%, the emission spectrum of the quantum well
changes. Figure 1.12 shows the result photoluminescence (PL) measurements performed
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at 5 K, and it can be seen that PL peaks corresponding to the bandgap energy changes
from 2.92-1.79 eV for In content levels of 11-47%, accordingly.

Figure 1.12 Photoluminescence spectrum of InGaN/GaN quantum wells with different
In content level between 11-47% measured at 5 K. The PL peaks corresponding to the
bandgap of 2.92, 2.71, 2.07, and 1.79 eV for In content level of 10, 40, 46% [21]. The
peak at 3.26 eV corresponds to the pure GaN [22].

Bandgap narrowing in GaN doped with Si has been observed by a redshift in the
PL emission peak. This redshift is assumed to be due to high doping concentration within
the material, in which the bandgap reduces from 3.426 eV to 3.402 eV for doping
concentration of 1.7×1017 to 1.3×1012 cm-3, accordingly [23].
Strain engineering has also been used in some III-V compound semiconductors to
vary their electrical and optical properties, such as mobility of charge carriers, bandgap
energy, and induction of surface polarization. G. Signorello et al. were able to tune the
emitted light from GaAs/Al0.3Ga0.7As/GaAs core/shell nanowires by inducing uniaxial
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strain. A decrease in emission light energy equivalent to 296 meV was observed at 3.5%
strain induced by a compressive and tensile stress [24].

Figure 1.13 Changes in bandgap of GaN versus compressive stress and tensile stress.
A tensile strain equivalent to 6% is estimated to reduce the GaN bandgap by 50%. Inplane strain between GaN and several substrates are also mentioned [25].

In [25], changes in bandgap energy due to compressive stress (-6%-0%) and
tensile strains (0-6%), induce variation in the bandgap energy of GaN. Figure 1.13 shows
the relative changes in the bandgap versus the strain and stress, in which the bandgap is
estimated to decrease by 50% under a 6% tensile, whereas application of larger tensile
strains (>14.5%) can lead to a transformation in the crystal structure of the GaN from
wurtzite to graphite-like.
1.3.3. III-V//Si Dual-Junction Solar Cells. The goal for using multi-junction
structures in solar cells is to capture a larger portion of solar spectrum through multiple
sub-cells stacked on each other. This leads to potentially higher power conversion
efficiency in these devices. However, designing a multi-junction structure brings several
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challenges, including: 1) engineering each sub-cell at their optimized bandgap energy, 2)
growth of each layer on each other with minimized lattice mismatch, in order to reduce
crystal defects at the junction interface, and 3) photocurrent mismatch between sub-cells,
resulting in significant reduction in photo-generated current.
In a dual-junction structure, a wider bandgap top cell is used in conjunction with a
narrower bandgap bottom cell. This structure has a relatively simpler and more optimized
fabrication process compared to three- or found-junction structures. Based on Table 1.1, a
maximum efficiency of around 42% can be theoretically achieved by using a
semiconductor with bandgap energy of 1.8 eV as the top cell and around 1 eV as the
bottom cells. As discussed in the previous section, III-V compound semiconductors have
tunable bandgap in a wide energy spectrum, making them suitable for use as the top cell
in a dual-junction structure. Moreover, Si with bandgap around 1.1 eV has the potential
to be used as the bottom cell. This section will review the major research works regarding
design and fabrication of III-V//Si dual-junction solar cells.
Efforts in designing III-V//Si dual-junction solar cells are mainly categorized in
two groups. The first category deals with physical bonding of the two sub-cells using
different techniques, such as stacking, direct fusion bonding, and direct active bonding.
The second category deals with direct growth of III-V semiconductor on Si using
techniques such as metal-organic chemical vapor deposition (MOCVD), molecular beam
epitaxy (MBE), or atomic layer deposition (ALD), in which the resulting heterojunction
can be used for fabrication of dual-junction solar cells.
K. Tanabe et al. have fabricated a Al0.1Ga0.9As//Si dual-junction solar cell, in
which an Al0.1Ga0.9As/GaAs heterojunction was grown using MBE and the AlGaAs layer
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was later transferred to top surface of Si using direct bonding at 300 °C [26]. Figure 1.14
shows the schematic structure of the dual-junction solar cell, where AlGaAs is directly
bonded to Si using a p-GaAs/n-Si direct surface bonding. Current-voltage (J-V)
characteristics measured under standard illumination condition of 100 mW/cm2 show a
short-circuit current density, open-circuit voltage, and power conversion efficiency of
27.9 mA/cm2, 1.55 V, and 25.2%, accordingly.

Figure 1.14 Dual-junction Al0.1Ga0.9As//Si solar cell. It shows the (a) schematic
structure, and (b) high resolution TEM images of the heterjunction [26].

Indium zinc oxide (IZO) has been used as the interlayer in the direct bonding
technique for development of III-V//Si dual-junction solar cells. Its high transparency in
the visible spectrum and good electrical conductivity, makes IZO as a suitable transparent
conductive oxide (TCO) candidate to use as the interlayer for integration of III-V top cell
and Si bottom cell. Authors in [27] have grown 8 nm of IZO on top of
GaAs/Ga0.5In0.5P/GaInNAs and Si using RF sputtering technique. Following that, the two
samples were bonded together at varying temperatures between 100 to 350 °C. It was
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shown that surface bonding at 200 °C leads to the lowest contact resistance of 0.4 Ω.cm2
and highest adhesion strength of the bonded surfaces, measured at 0.35 MPa.
Authors in [28] have used a “smart-stack” technology, where the top and bottom
cells are bonded together using Pd nanoparticles, and indium tin oxide (ITO) covers the
top surface of Si below the nanoparticles. Figure 1.15.a shows the schematic structure of
the smart-stack technology, and partial coverage of ITO underneath the Pd nanoparticles.
The proposed structure is used to fabricate GaAs//Si and InGaP//Si dual-junction solar
cells, and the J-V characteristics show the superiority of this method in improving the
properties of solar cells, where contact resistance has reduced from 20.1 Ω.cm2 to
12.6 Ω.cm2 for GaAs//Si and 64.9 Ω.cm2 to 15.2 Ω.cm2 for InGaP//Si, leading to
improvement in other photovoltaic properties of these solar cells, Figure 1.15.b.
The second strategy for development of dual-junction solar cells is related to
direct chemical growth of III-V semiconductor on top of Si bottom cell using a growth
technique such as MOCVD, MBE, and ALD. Authors in [29] have fabricated
GaInP/GaAs//Si solar cells using the MOCVD technique and with a GaAsP buffer
between the top and bottom cells in order to minimize the lattice mismatch between the
sub-cells, and improve the photovoltaic properties of the solar cell. The resulting solar
cell has reached a power conversion efficiency of 19.7%. Moreover, F. Dimroth et al.
have compared the photovoltaic properties of GaInP/GaAs//Si dual-junction solar cells
using two fabrication methods of direct wafer bonding and chemical growth on the Si
bottom cell [30]. The results show that due to high level of threading dislocation density
exceeding 108 cm-2 and surface pits density of 2×108 cm-2 at the junction interface, as
shown in Figure 1.16 , the photovoltaic response of the chemically grown solar cell is
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significantly degraded in comparison to that of the direct wafer bonding method (power
conversion efficiency 26% versus 16%).

Figure 1.15 III-V//Si dual-junction solar cells. It shows the (a) schematic structure of
the smart-stacking technology and (b) J-V characteristics of GaAs//Si and InGaP//Si
dual-junction solar cells made using smart-stacking technique, showing improved
photovoltaic response and lowered contact resistance of the solar cells after using this
method of bonding [28].

Figure 1.16. TEM image of the GaAsP buffer layer used for direct growth of
GaInP/GaAs//Si solar cells. This image shows high level of threading dislocations at
junction interface, leading to degraded photovoltaic properties of directly grown IIIV//Si solar cells than surface-bonded structure [30].
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1.3.4. Monolithic and Multi-Terminal Solar Cells. There are basically two
techniques in order to connect multi-junction solar cells to the external circuity (e.g.
battery, converter, etc.). In the first technique, called as monolithic connection, there
exists only two current collecting contacts in the whole multi-junction structure, one at
the top surface of the top cell and the other at the rear of the bottom cell. In the second
technique, there exists several current collecting contacts, each representing a sub-cell.
For example, a four-terminal structure is commonly used for a dual-junction solar cells,
in which the top cell has its own two collection contacts and connected to its own
external circuitry and operated separately, and the similar condition is true for the bottom
cell.
One of the major advantages of the multi-terminal structure over monolithic
devices is alleviating the problem of photocurrent mismatch between the sub-cells. In a
two-terminal tandem structure, the total photocurrent is determined based on the
minimum value of photocurrent among the sub-cells. This current mismatch between
cells can potentially reduce the total photo-generated current, and subsequently, degrade
the photovoltaic properties of the solar cells. Moreover, growth and optimization of
tunnel diode junctions in a monolithic structure has led to increased complications for
large-scale fabrication of these devices.
However, there are several solutions to reduce the current mismatch between the
sub-cells, such as different active areas and also optimized thickness for each sub-cell,
which makes the monolithic devices structure useful to achieve higher power conversion
efficiency. Authors in [31] have used the concept of Areal Current Matching (ACM) in
order to alleviate the current mismatch in a monolithic GaAs//Si dual-junction solar cell.
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In this structure, the bottom Si sub-cell’s active area is four-time larger than the top GaAs
sub-cell (8×8 mm2 versus 4×4mm2), in which the photo-generated currents in both of the
sub-cells are equal. Experimental results showed an improvement in total short-circuit
current density and open-circuit voltage from 10 to 16 mA/cm2 and 1.3 to 1.5 V,
accordingly.

Figure 1.17 GaInP//Si four-terminal solar cell. It shows the (a) schematic structure
where each sub-cell is operated independently, and therefore, no current mismatch is
expected; (b) J-V characterization results under AM1.5g illumination condition shows
a power conversion efficiency of up to 29.8% [32].

S. Essig et al. have developed a dual-junction InGaP//Si solar cell using direct
stacking method by connecting the two sub-cells using adhesive epoxy and a 600 μmthick glass slide [32]. In this structure, as can be seen in Figure 1.17.a, each sub-cell
operates independently from one another, and therefore, no current mismatch is expected
in this situation. The J-V characterization results, as shown in Figure 1.17.b, shows a
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power conversion efficiency of up to 29.8% under standard 1-sun illumination of 100
mW/cm2 AM1.5g.
It was found out in [33] that since the band-to-band absorption in GaAs is about
two-thirds of that in Si, a triple junction GaAs/GaAs//Si can potentially increase the
photon-absorption process and thus lead to practical power conversion efficiencies above
31%. This concept was shown by fabricating a four-terminal GaAs/GaAs//Si solar cell, in
which practical power conversion efficiency of 20.4% was achieved.

1.4. POWER COMBINING IN MULTI-JUNCTION STRUCTURES
The price per watt for electrical power generated from solar energy has been
decreasing during the recent years. Therefore, the cost of grid-connected inverters for
integration of solar cells is increasing compared to the total price of the system, as high as
10% of the total [34]. In this section, the common trends in power electronics technology
for solar cells’ power integration are described. Understanding these techniques helps
towards a better ability to design and fabricate high efficiency solar cells for large-scale
industrial and residential demands.
1.4.1. Centralized Technology. In this technique, shown in Figure 1.18, each
string contains multiple series-connected solar cells with the similar open-circuit voltage,
which is connected in parallel through the string diodes to another string of cells. This is
a relatively popular technology because of its simplicity and low cost, and fewer
mismatches between cells [35] [36]. The main limitation of this technique is mostly
regarding the centralized inverter, in which one does not have the ability to control each
string individually for optimal operation point and minimize the mismatch losses between

26
strings. Also, the total output voltage is equal to the minimum voltage among the parallelconnected strings, which reduces the output power of the solar module.

Figure 1.18 Overview of technologies for power integration of solar cells [36].

1.4.2. (Multi-)String Technology. In this technology, as shown in Figure 1.19, a
separate inverter is used for connecting and controlling each individual string to the grid.
This makes the total output voltage as the summation of output voltages from each gridconnected string. This reduces the possibility of single string failure that could result in a
higher efficiency up to 95%, but this technology comes with higher cost of installation
[35]. This technique is currently the most common way of combining the strings of solar
cells by using full- or H-bridge inverters.
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In multi-string technique, several strings are connected to their own DC-DC
converter, commonly boost converter, and then connected to one DC-AC inverter [37]
[38]. The main benefit of this technique is to have 3-phase connection to the grid, when
necessary.

Figure 1.19 String technology for integrating strings of solar cells. In this technique,
each individual string is connected to a separate inverter [38].

1.4.3. AC Module Technology. In this technique, each cell is interfaced with a
DC-AC inverter. This results into higher costs of AC-module technology, as shown in
Figure 1.20, which limits using this technique for integrating solar cells.
In conclusion, it can be said that the (multi-)string technology is the most
common technique used for connecting series of mismatched solar cells. By using (multi)string technology, each string of cells is operated at its maximum power point, and the
output power of strings are combined together to the grid. Also, in a (multi-)string
technique, several modules of matched solar cells can be put together in one string, which
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facilitates the expansion of the PV system size from low output power into higher output
power levels.

Figure 1.20 Cost comparison for commercially available power integration
technologies [35].

Example of low power application of (multi-)string technology includes
photovoltaic in charging smartphones’ batteries. In this case, as shown in Figure 1.21.a,
strings of mismatched solar cells are connected to each other through a boost converter.
Not only this technique provides high efficiency levels (>90%), but it also uses the least
number of elements required for boosting the output solar module voltage to device’s
battery voltage level. As it can be seen in Figure 1.21.b, the size of inverting system can
be reduced by using multi-input boost converter instead of several isolated boost
converters. However, this configuration has relatively more complicated schematics and
is not easily available in market, compared to the previous configuration [39].
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Figure 1.21 (Multi-)String technology for low power demand application. It uses (a)
fully isolated boost converter, and (b) single multi-input boost converter.

1.4.4. Converter Design for Power Integration of III-V//Si Solar Cells. In this
section, the proposed process for power integration of an III-V//Si dual-junction solar cell
is proposed. The converter design process and optimization for the electronic charging
system can be explained as follows: In order to use solar cells for charging a low power
device, an appropriate DC-DC converter is required. Depending on the output voltage of
the solar cell compared to the battery’s terminal voltage, a step-up (boost) or step-down
(buck) converter is required. To do so, it is required to compare the cell’s open circuit
voltage with the battery’s terminal voltage.
Usually a single solar cell is not able to provide enough power for charging an
electronic device, such as smartphone or laptop. Therefore, for the purpose of charging a
small-sized electronic device, multiple solar cells are used together to generate sufficient
charging power. Using multiple solar cells, which are connected to their individual
converter (AC module), not only is cost-inefficient, but also it takes a large space for
putting them together. In a III-V//Si dual-junction solar cells with four terminals, each
sub-cell with its converter can be placed in parallel relative to the other sub-cell. Since
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the output voltage of both converters is stabilized at and equal to the battery’s terminal
voltage, therefore, output power of this parallel combination is the summation of output
power from each converter. Here, III-V sub-cells are put together in series in a string, and
the same happens for Si bottom cells. Each string of solar cells is connected to a DC-DC
converter, and finally the two strings with their converters are connected in parallel to
each other, as shown in Figure 1.22. By using the string technology, a higher amount of
power is produced for charging the electronic device, while the number of converters are
minimized.
In order for the system to produce stable output power during the charging
process, some elements of stabilizing and protection, such as maximum power point
tracking (MPPT) controller and other protection schemes, are added to the circuit. Using
a MPPT controller, a solar cell is operated at its maximum power point. There are several
algorithms for a controller to operate a solar cell at its MPP, such as: capturing a sample
of open-circuit voltage and short-circuit current every few seconds in order to estimate
the MPP, and perturb and observe, in which the controller searches for the MPP by
changing the solar cell’s output voltage or current and detecting the change in the output
power [40].
The charger system includes several protection schemes for the case of undervoltage, over-voltage, over-current, over-heat, and reverse-polarity (i.e. reverse-current).
These schemes protect the battery and also the charging system against any wrong
performance, which could lead to physical damage to the electronic device. Usually, the
under-voltage, over-voltage, and over-current protection schemes use external resistors to
limit the battery to be deeply discharged, over-charged, or to receive a high current rush.
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The over-heat protection includes a temperature sensor, which constantly measures the
ambient temperature of the charging device and terminates the charging process if the
temperature rises above a threshold. Also, the reverse-polarity (i.e. reverse current)
protection can be implemented simply using a diode that prevents the battery to be
charged while connected to the charging system in the reverse polarity [41].
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Figure 1.22 III-V//Si power integration module for charging a battery.
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The overall schematics of the power integration module for the III//Si dualjunction solar cells is shown in Figure 1.23, in which additional MPPT controllers and
protection circuits are added to producing stable power during the operation.

1.5. SCHOTTKY JUNCTION SOLAR CELLS
Multi-junction solar cells with sub-cells made of semiconductors with different
bandgap energies are usually based on p-n junction. In this structure, the potential
difference between Fermi levels of an n- and p-type semiconductor leads to creation of an
electric field and built-in voltage at the junction interface. Photo-generated carriers are
then drifted away from the depletion region, leading to flow of the current. In a multijunction structure, each sub-cell is basically a single p-n junction, where photons with the
energy near to the band edge of the semiconductor are absorbed.
However, there are several theoretical and practical limitations in design and
fabrication of multi-junction solar cells based on p-n structure in order to achieve high
power conversion efficiency. For example, producing the required doping level,
especially p-type doping, for wide-bandgap semiconductors has often been accompanied
with difficulties, such as impurity incorporation and crystal defects formation, all which
can act as recombination centers within the material, and thus negatively impact the
photovoltaic response of the solar cell [42].
Figure 1.24 shows the energy levels of conduction and valence bands of some of
the wide-bandgap III-V compound semiconductors. In these semiconductors, deep
valence band leads to localization of holes with high ionization energy. Therefore, they
cannot be used as free charge carriers in solar cells and contribute to photo-generated

33
current [43]. This leads to difficulties in producing highly efficient p+ or n+ doped layers
to be used as active, tunneling, or metallization contact junctions in solar cells.

Figure 1.24 Valence and conduction energy bands for some of the wide-bandgap III-V
compound semiconductors. Hole localization due to deep valence band leads to
difficulty in producing high p-type conductivity in these wide-bandgap
semiconductors.

Schottky junction solar cells, an interface between a thin conducting film and a
semiconductor, provides the necessary depletion region (band bending) for separation of
photo-generated electron-hole pairs, which leads to generation of photo-current. Figure
1.25 shows the difference of operation between a conventional p-n junction and a
Schottky junction solar cell. An abrupt potential barrier is created at the interface of this
junction due to: 1) difference in the energy levels between Fermi level of the metal and
conduction band of the semiconductor instead of the transitional energy barrier observed
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at the interface of a p-n junction, and 2) pinning of the edge of Fermi level to specific
energy levels.

Figure 1.25 Band structure of typical heterojunctions. It shows a (a) p-n junction, and
(b) Schottky metal-semiconductor junction solar cell at zero bias voltage, and how the
electron-holes pairs are separated within the depletion region.

Application of Schottky junction solar cells can eliminate the need for the use of
highly doped p-type semiconductor, and therefore potentially improve the photovoltaic
response of the solar cell. Moreover, manufacturing Schottky solar cells prove to be costeffective and industry scalable, since fewer and simpler processing steps are required that
result into lower total production cost [44].
The depletion region for a p-n and Schottky structure can be calculated using:
2𝜀𝑠

𝑊𝐷𝑝𝑛 = √

𝑞

2𝜀𝑠

𝑊𝐷𝑀𝑆 = √

𝑞

1

1

(𝑁 + 𝑁 ) (𝜙 − 𝑉𝑎 )
𝑎

𝑑

1

(𝑁 ) (𝜙 − 𝑉𝑎 )
𝑑

where WD is the width of the depletion region, 𝜀𝑠 is the permittivity of the

(1.1)

(1.2)

35
semiconductor, Na and Nd are acceptor and donor concentrations, 𝜙 is the built-in
potential, and Va is the forward or reverse applied voltage.
Narrower depletion region in Schottky junction solar cells leads to lower Schottky
barrier height and higher dark reverse saturation current, mainly due to thermionic-fieldemission (TFE) which results into deteriorated photovoltaic characteristics. This makes
the efficiency of Schottky junction solar cells typically less than p-n junction solar cells.
Therefore, a trade-off exists between the choosing the suitable material and the structure
of the solar cell in order to achieve the optimized photovoltaic response in the Schottky
solar cells.
The concept of Schottky junction solar cells have been extensively used to design
and fabricate high efficiency solar cells. Authors in [45] have fabricated Schottky solar
cells by deposition of 80 nm Indium Tin Oxide (ITO) on n-GaAs substrate. However, a
large dark reverse saturation current density J0 (~10-2 mA/cm2), mainly caused by
thermionic emission at the Schottky barrier, higher carrier recombination rate due to
crystal defects at the interface, and Schottky barrier height inhomogeneity, limits the
efficiency of this solar cell to less than 1%.
The reverse saturation current (J0) at Schottky junctions can be lowered by using
passivation layers, which can reduce the recombination of charge carriers [46]. Al2O3
with thickness of 5 nm has been used at Au/Ti/n-GaAs Schottky junctions and has
reduced the J0 from 7.3×10-8 to 1.2×10-14 mA/cm2 and increased the Schottky barrier
height from 0.77 eV to 1.18 eV [47]. Similarly, a 2 nm Al2O3 has caused an increase in
power conversion efficiency of graphene/n-Si Schottky solar cell from 7.2% to 8.7%
[48]. Figure 1.26 shows the schematic structure of the Schottky solar cell and also J-V
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characteristics of the device, where the application of Al2O3 passivation layer has led to
improvement in photovoltaic response.

Figure 1.26 Schottky graphene/n-Si Schottky solar cells with 2nm ALD-grown
passivation layer. It shows the (a) schematic structure, and (b) J-V characteristics,
showing improved photovoltaic response after using Al2O3 [48].

1.6. ORGANIZATION OF THE DISSERTATION
The strategy in this dissertation for fabrication of high-efficiency Schottky
junction solar cell will be based on a proposed technique, hereby called as Isolated
Collection and Biasing Solar cells (ICBS). The following sections are organized to
discuss about the theory and modelling of ICBS solar cells and experimental efforts to
fabricate and characterize these devices.
In Section 2, the concept of gate-controlled Schottky solar cells is introduced.
Following that, the basic theory of ICBS solar cells and external band bending in these
devices, together with the device modeling is detailed. The effect voltage drop which is
caused due to the external load on the photovoltaic properties of the devices will be
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studied. Moreover, theoretical considerations for choosing the suitable materials for use
in these ICBS solar cells are explained in detail.
In Sections 3 and 4, experimental works related to design and fabrication of single
junction GaAs-based ICBS solar cells are explained, including the multi-layer photomask
design, and process control development and optimization. Following that, details
regarding the fabrication of different sets of ICBS solar cells will be described. For
example, the effect of gap size between the metallic contacts on the photovoltaic
properties of the ICBS solar cells is investigated. Also, the results of different electrical
and optical characterization techniques, such as external quantum efficiency and currentvoltage on the ICBS solar cells are shown in this section, and the effect of different
materials and geometries on photovoltaic responses of these solar cells are studied and
analyzed. The experimental results the superiority of the ICBS solar cells versus nonICBS solar cells, in which a higher photo-generated current and voltage was achieved for
the proposed strategy.
Section 5 will investigate the design and fabrication of ICBS solar cells based on
MBE-grown AlGaAs layers with optimized band gap energy of 1.8 eV. The results of
this section help in fabrication of dual-junction solar cells with the top ICBS sub-cell and
bottom Si solar cells.
Section 6 will be focused on the ALD growth of other suitable semiconductor
material that can be used at the 1.8 eV top layer in the multi-junction ICBS structure. The
effect of doping zinc oxide with transition metal elements, such as manganese, will be
investigated. Moreover, the effect of doping on the optical properties, especially the
bandgap energy, will be studied in detail.
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Finally, in Section 7, the results in designing and fabricating hybrid
organic/inorganic hybrid solar cells will be discussed. J-V measurements under dark and
standard illumination condition show existence of a diode-like and photovoltaic response
in these devices. This hybrid organic/inorganic structure can be used in the ICBS devices,
where the conductive organic material with a larger work function and higher
transparency can replace the conventionally used metallic materials with smaller work
function and lower transparency to the solar spectrum. Not only this can potentially
improve the absorption of the solar spectrum in the solar cell, but also, it will
significantly reduce from the total processing time and device fabrication cost.
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2. THEORY AND BACKGROUND

2.1. INTRODUCTION TO FIELD-EFFECT PHOTOVOLTAICS
As discussed extensively in the Section 1, the concept of multi-junction solar cells
has been introduced in order to capture larger portions of solar spectrum. This is done by
putting several sub-cells on each other, in order to create several absorption peaks in the
photovoltaic device. Practical power conversion efficiencies of more than 30% have been
achieved using these multi-junction structures, which is relatively larger than that of
single-junction solar cells.
Moreover, it was mentioned that most of the sub-cells in a tandem solar cell are
based on p-n junction structure, in which a continuous built-in potential is created at the
junction of a p- and n-type semiconductor due to the difference in their Fermi energy
levels. There exist several theoretical and practical limitations in growth and development
of wide-bandgap p-type semiconductors. For example, high level of crystal defects at
these materials can act as recombination centers, leading to recombination of free charge
carriers, and therefore, degraded photovoltaic response.
Schottky junction solar cells, the interface between a thin conducting film and a
semiconductor, eliminates the need for use of highly doped p-type semiconductor, and
therefore, can potentially result into improved power conversion efficiency. Moreover,
easier and cheaper fabrication process, and potential to expand to an industrial large-scale
fabrication, makes Schottky junction solar cells an interesting topic for research and
development purposes. However, a narrower depletion region, shorter barrier height, and
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larger reverse saturation current, makes the practical power conversion efficiency of these
devices typically lower than conventional p-n junction structures.
In order to address the issue of decreases power conversion efficiency due to
higher reverse saturation current in Schottky junction solar cells, it is essential to
investigate the responsible mechanism. For example, the use of passivation layer, leads to
significant reduction of leakage current between the metal contact, and therefore improve
the photovoltaic response of these devices.
Another solution to improve the photovoltaic properties of Schottky solar cells is
by using an additional gate contact to increase the depletion region width in these
devices, and therefore, increasing the photon absorption efficiency. In these “gate
controlled” Schottky solar cells, the main goal is to increase the chances of electron-hole
separation within the depletion region, and subsequently, to increase the power
conversion efficiency. An additional gate contact is introduced in these devices, and
application of a reverse bias voltage to this contact is investigated in order to optimize the
photovoltaic response in these devices.
In this dissertation, the focus will be to further increase the photon-absorption
process in Schottky solar cells, and have therefore, proposed a new strategy, hereby
called as Isolated Collection and Biasing Solar cells (ICBS). In these devices, improved
photovoltaic response is achieved by introducing external electric field due to a
secondary “isolated” gate contact. In these field-effect solar cells, the optimization in this
secondary contact will be the key to optimize the overall performance of the devices.
Therefore, in this section, a comprehensive study regarding the background and theory of
gate controlled and ICBS solar cells is performed, which involves theoretical designs and
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simulations to prove the superiority of the ICBS solar cells over conventional Schottky
solar cells. The findings of this section lead us to an optimized fabrication process of the
single- and dual-junction ICBS solar cells.

2.2. CONCEPT OF FIELD-EFFECT PHOTOVOLTAICS
The concept of field-effect photovoltaic relates to design and fabrication of
single- or multi-junction solar cells, in which by inducing an external electric field, an
enhancement in photovoltaic properties of the solar cells is observed. This external
electric field can be induced by either using a secondary gate contact connected to a subcell existing at in the solar cell structure, in which an increase in depletion region width
may be achieved.
2.2.1. Gate-Controlled Schottky Solar Cells. An example of the field-effect
solar cells is the gate-controlled structure, where the goal is to widen the depletion region
and subsequently, increase the photon-collection efficiency in these devices. In such
devices, an additional gate contact is designed and connected to the main current
collection contact, and an external gate voltage is applied to increase the built-in potential
and Schottky barrier height in the collection contact and widen the depletion region to
generate a greater number of charge carriers.
S. H. Kim et al. have fabricated gate-controlled nanotube/n-Si Schottky solar
cells, in which by applying an external reverse voltage of -0.75 V to the gate, the power
conversion efficiency is improved from 5.6% to 8.1%, Figure 2.1 [49]. This has also been
proven by the simulation results where an increase in depletion region width can be
observed.
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Figure 2.1 Graphene/n-Si Schottky solar cell with additional gate contract. It shows
the (a) structure view. Application of gate voltage (Vg) is shown in (b) to be beneficial
in improving the photovoltaic properties of the device, where a reverse applied voltage
of -0.75V has resulted to increased power conversion efficiency from 5.6% to 8.1%
[49].

Similarly, a III-V based gate-controlled graphene/n-GaAs Schottky solar cells is
designed and fabricated in [50], in which an additional gate contact is added to the
structure of solar cell by using a Al2O3 interlayer, Figure 2.2.a. The effect of both forward
and reverse gate voltages has been studied on the photovoltaic properties of these solar
cells. Under forward bias voltages applied to the gate contact, total power conversion
efficiency decreases from 11% to around 9%.
This is mostly due to the narrower depletion region width under these
circumstances, which results into lowered photovoltaic response. On the other hand, an
increase in the power conversion efficiency in these solar cells from 11% to 18.5% is
observed by increasing the reverse voltage on the gate contact from 0 to -15 V, Figure
2.2.b.
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Figure 2.2 Graphene/GaAs Schottky solar cell with additional gate contact connected
to the active layer using a relatively thick Al2O3 interlayer. It shows te (a) structural
view, and (b) J-V characterization under illumination, showing improvement in
photovoltaic properties under negative gate voltages. The power conversion efficiency
has increased 11% to 18.5% with gate voltage change from 0 to -15 V [50].

Authors in [51] have investigated the changes in generated photocurrent in a gatecontrolled Graphene-Silicon Schottky photodiode. Figure 2.3.a shows the schematic
structure of the photodiode, in which the graphene/n-Si photodiode structure is
accompanied by a gate contact made of graphene/SiO2 on n-Si substrate. It has been
observed that by increasing the applied reverse voltage to the gate, an inversion layer is
induced under the gate contact, which results into further drift of photo-generated carriers
and results into visible increase in total generated photocurrent. Scanning photocurrent
(SPC) maps show that the increase in total photocurrent is mostly due to large increase in
photocurrent generated under the graphene/SiOx gate contact, Figure 2.3.b. Depicting the
band structure of this device shows that under reverse gate voltages (between -1 to -2 V),
the amount of band bending and Schottky barrier height increases at gate contact,
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resulting into decrease in reverse saturation current density, and subsequently,
improvement in photovoltaic properties of the photodiode. Also, it has been shows that if
the applied gate voltage exceeds a specific threshold voltage, the rate of increase in total
photocurrent ramps up substantially due to increase in drift of photo-generated carriers.
Moreover, the effect of SiOx layer thickness in optimizing the performance of
these gate-controlled photodiodes is also investigated. The measurement results show that
a 40 nm-thick SiO2 layer results into better photovoltaic response than an 80 nm-thick
one. This can be seen by comparing the reverse saturation current densities, in which it is
measured at 8×10-2 A/cm2 and 9×10-3 A/cm2 for the 40 nm- and 85 nm-thick SiO2 layer.

Figure 2.3 Gate-controlled graphene/n-Si Schottky junction photodiode. (a) Schematic
structure. Existence of additional graphene/SiO2 gate contact leads to visible
enhancement in photo-generated current due to creation of an inversion layer
underneath the gate contact, leading to increased drift of photo-carriers to the
corresponding contact; (b) photocurrent maps show that the increased photocurrent is
mainly originated from the graphene/SiO2 gate contact layer [51].
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A dual-gated graphene/Si Schottky junction solar cell has been designed and
fabricated in [52], in which a top gate and another bottom gate are fabricated onto the
device, Figure 2.4. It has been shown to by applying suitable gate voltage to the
corresponding gate contacts, the increased band bending at the corresponding contacts
results into improved charge-carrier separation at the top graphene/n-Si Schottky junction
and increased free negative charge carrier collection at the bottom ohmic contact.

Figure 2.4 Dual-gated graphene/n-Si solar cell. It shows the (a) schematic structure,
(b) J-V characteristics show improvement in open-circuit voltage by applying suitable
gate voltages to the top Schottky and bottom ohmic contact, where charge-carriers can
be separated and collected more effectively, (c)-(f) band bending at these solar cells
under different top and bottom gate voltages [52].

The measurement results show a total band bending equal to 1.22 eV has been
achieved, which is larger than the bandgap energy of Silicon (1.12 eV), and corresponds
to a record-high open-circuit voltage equal to 0.94 V. This is higher than the previously
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known value for the similar graphene/n-Si Schottky solar cells and also higher than
Schockley-Queisser limit (0.84 V) that is assumed for typical Si-based solar cells.
In conclusion, it can be said that the existence of a secondary gate contact can
lead to improved photovoltaic response from Schottky junction photovoltaic devices, in
which a widened depletion region and larger Schottky barrier height is achieved.
However, the detailed microscopic performance of a solar cell under different gate
voltages, where positive or negative, and how it can relate to an increased photo-current
or photo-voltage has not been fully investigated. This requires a deeper study into how
the carriers are behaving underneath the gate contact, within the depletion region of the
induced inversion layer, and also at the quasi-neutral region between the collection and
gate contact.
Following in this section, we will be introducing a novel approach in further
improving the photovoltaic properties of Schottky junction solar cells, considering the
pros and cons of other field-effect photovoltaic devices.
2.2.2. Floating Junction Solar Cells. In addition to gate-controlled solar cells, in
which an additional gate contact leads to improvement of the photovoltaic properties of
the solar cells by widening the depletion region and increasing the Schottky barrier
height, other approaches have also been proposed to address this issue. Here, the concept
of floating junction solar cells will be studied and its effect in improving the photovoltaic
properties of solar cells will be investigated.
Surface passivation in optoelectronic devices has always been an interesting topic
of research due to its importance to reduce the recombination rate and the leakage current
at the top and bottom surfaces of the solar cells. Passivated emitter solar cells (PESC), in
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which the top surface of front emitter is passivated, and Passivated Emitter and Rear
Contact (PERC) solar cell, where both top and bottom contact are passivated, were
among the first successful demonstration of surface passivation in solar cells, in which a
power conversion efficiency of 20.9% and 23% were achieved, accordingly [53], [54].

Figure 2.5 Schematic structure surface passivated Si solar cells. It shows (a) PESC, (b)
PERC, and (c) PERL solar cells, in which surface passivation layer been used at top
and bottom layers. In PERL structure, addition of a p+ region at the bottom of p-type
base results into practical power conversion efficiency of 24% [53], [54], [55].

Following, that Passivated Emitter and Rear Locally Diffused (PERL) solar cells
were introduced, in which locally diffused p+ regions were grown on rear p-type base that
can potentially act as back surface field and reduce the surface recombination [55].
Figure 2.5 shows the schematic structure of these three types of solar cells with surface
passivation strategies mentioned above, where the PERL structure has exceeded power
conversion efficiency of 24% that is higher than the two other structures.
In a p-n floating junction solar cell, an additional n-type region isolated from the
bottom base contacts is introduced to the solar cell structure, in which it can act as back
surface field, and passivate the photo-generated holes to be recombined at the rear surface
of semiconductor by passivating it. Since this additional n-type region is not connected to
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the rear side of the junction, the induced back surface electric field is “floating”. Figure
2.6 shows the schematic structure of a floating junction solar cell, where it also shows
the energy band structure in two regions, first, the region where photo-generated charge
carriers are separated, and holes are drifted away from the p-n junction to be collected at
the base contact, and second region where drifted holes going toward the rear surface of
the base (not toward contact) are pulled away from the rear surface to the base contact as
they get close by, due to the floating electric field induced by the floating junction.

Figure 2.6 Energy band structure of a floating junction solar cell. Photo-generated
carriers that are drifted away from the p-n junction are either collected by the rear base
contact or go toward the rear base surface to recombine. In a floating junction
structure, these second group of carriers are pulled away from the rear surface due to
the induced electric field by the floating n-type region to the base contact for more
efficient collection.

There are two approaches to achieve a floating junction structure in a p-n based
solar cell. First approach is by diffusion of n-type dopants to p-type base region, such as
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phosphorous diffusion into Boron-doped Si base. In this case, an n-type region is formed,
in which its interface with the p-type base leads to formation of an electric field pulling
holes away from getting close to the surface. Second approach is by using insulating
passivation layer with fixed charge density, where it can create an inversion layer within
the p-type base, leading to repelling the holes from getting close to the surface and
recombining there.

Figure 2.7 Floating junction solar cell. It shows the (a) Schematic structure which can
be equalized to a NPN bipolar junction transistor, where the collector-based junction is
not connected (floating junction). (b) The equivalent circuit of the floating junction
solar cell based on Ebers-Moll equivalent circuit. A forward applied voltage can be
applied to emitter-base junction, where another built-in potential is induced at the
collector-base junction due to their Fermi level difference [56].

It can be said that a floating junction solar cell’s structure is similar to a NPN
bipolar junction transistor, in which the collector-base junction is not contacted, i.e. it is
floating. This Figure 2.7 shows the equivalent circuit model of a floating junction solar
cell, which was modelled based on Ebers-Moll equivalent circuit [56]. In this structure,
the floating collector reduces the equivalent circuit to a two-terminal device structure,
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where the emitter-based junction can be forward-biased and a built-in voltage is also
induced at the floating collector junction due to the potential difference between the
Fermi levels of collector and base.

Figure 2.8 Simulated floating voltage at collector-base junction at the rear of FJ Si
solar cell. Dashed lines represent effect of rear surface recombination due to pinholes
or gap between FJ and rear base contact [57].

The operation of floating junction solar cells can be explained based on modeling
and characterization under dark or illumination conditions. Under dark reverse-biased
conditions, electrons are injected from emitter to the base, leading to a uniform electrons
concentration in the base and equal rear floating voltage (Vfl) and emitter voltage (Vem).
On the other hand, under illumination condition where the emitter voltage is below the
open-circuit voltage, the photo-generated electrons are injected to the emitter, leading to a
lower electron concentration at the base. This condition results to a higher floating
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voltage than the emitter voltage, as is shown in Figure 2.8 [57]. However, as the forward
emitter voltage exceeds the open-circuit voltage, most of photo-generated carriers are
recombined in base due to smaller built-in potential and narrower band bending at the
emitter-base junction. This will again result into uniform electrons concentration in base,
where it results into equal values between the floating voltage and emitter voltage.
Characterizing and measurement of electrical properties of floating junction solar
cells is accompanied with several difficulties and limitations. This can be explained since
only one side of the whole floating junction solar cell is connected, and therefore,
practical characterization of effect of floating junction on the whole performance of solar
cell is difficult. Authors in [58] have used lock-in thermography for locating the shunt
current passage between the floating junction and the base contact in order to minimize
the unwanted parasitic resistance.
Parasitic shunt leakage (Rsh) between the floating junction and rear base contact,
as shown in Figure 2.9., has been identified as one of the major limitations in further
development of floating junction solar cells, which results into increase reverse saturation
current density and open-circuit voltage in these devices. This leakage current can be
explained based on two reasons: first reason is based on unintentional touching of rear
base metallic contact to the floating junction, which result into an electrical short between
these two contacts, or second reason can be explained based on carriers tunneling from
the floating junction to metal contact through the heavily doped p+ region surrounding ptype base contact [59].
Electrical characterization results show the effect of parasitic shunt resistance
through analyzing sensitivity of short-circuit current density to the shunt resistance. Non-
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linearity in form of “shoulders” have been observed in J-V curves, in which the root
cause can be related to the leakage current between the floating junction and the rear base
contact. This localized effect can be minimized through increasing the sheet resistance at
the floating junction by lightly doping it [57].

Figure 2.9 Existence of parasitic shunt resistance between the n-type floating junction
and the rear base contact. The leakage current can be explained either by unintentional
touching of the two contact, which results into electrical shorting, or tunneling of
carriers from the floating junction to the rear base contact through the heavily doped
p+ region around the base contact [59].

To conclude with, it can be said that the concept of field-effect photovoltaics,
whether in the form of gate controlled or floating junction, has been used to improve the
photovoltaic performance of solar cells, by increasing the effective built-in potential in
solar cells and lowering reverse saturation current density. This can be done using the
gate-controlled solar cells, in which an additional gate contact to the primary contact is
used to widen the depletion region and increase the photon collection efficiency. Several
works investigated the effect of gate voltages, whether forward or reverse, in optimizing
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the photovoltaic properties of these devices. The results shown a significant improvement
in open-circuit voltage leading to increase power conversion efficiency. The second
approach is using the concept of floating junctions in solar cells, where an additional notconnected “floating” junction is grown at the rear side of the p-base with the opposite
electrical polarity. This floating junction helps to repel the photo-generated carriers away
from recombining at the rear surface of the solar cell and therefore increasing the total
photo-generated current density. However, the leakage current in these devices between
the floating junction and rear base metal contact, either due to unintentional touching or
tunneling of the carriers, leads to non-uniformities in form of shoulders in J-V curves, and
can potentially degrade the photovoltaic properties of these devices. There has been
solutions to alleviate this issue through increasing the sheet resistance of the floating
junction, which has shown to be successful.

2.3. EFFECT OF BARRIER HEIGHT IN PHOTOVOLTAIC RESPONSE OF
SCHOTTKY SOLAR CELLS
As mentioned in the previous section, one of the main barriers in further
development of Schottky junction solar cells in industrial large scales, despite the benefit
of having simpler structure and more cost-effect fabrication process, is because of
narrower depletion region and smaller Schottky barrier height. This results into less
photo-generated free charge carriers, which results into lower photovoltaic properties of
these solar cells compared to p-n junction solar cells.
To further understand the reasoning behind this and how this affects different
parameters of a Schottky solar cell, the concept of Thermion-Field emission will be used
in addition to examples of Schottky barrier height lowering due to voltage drop from
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connecting an external load, such as battery or converter. This helps for a better design
and optimized fabrication process of the Schottky solar cells in this research work.
2.3.1. Thermionic Field Emission in Schottky Solar Cells. Thermionic
emission of carriers is defined as the flow of free charge carriers over an energy barrier
height in a specific direction. In a Schottky solar cell, the movement of free charge
carriers over the barrier height in the forward bias region leads to flow of a forward
current. However, Thermionic emission is not always the only current flow mechanism
that exists in a Schottky junction. Figure 2.10 shows different scenarios where the current
can flow over a metal-semiconductor Schottky junction. In a practical device under
operation, a reverse current can also flow in the opposite direction of the forward current.
This current can be explained mostly because of tunneling of carriers throughout the
depletion region by overcoming of the electric field at the junction in the reverse
direction of the forward current. Therefore, the total current in a Schottky junction device
based on theory of Thermion-Field Emission can be defined using:
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where the m* is the effective mass and 𝜀𝑠 is the dielectric constant of the semiconductor
material [60], [61].
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Figure 2.10 Band structure of a metal-semiconductor Schottky junctions. It shows: (a)
thermionic emission mechanism where the carriers move over an energy barrier, and
(b) thermionic field emission where the free charge carrier will go tunnel through the
junction. In a Schottky junction diode or solar cell, the tunneling of the carriers will
mostly result into increased reverse current density that leads to degraded electrical
and photovoltaic properties.

The current flow mechanism in a Schottky junction solar cell can be defined
based on a combination between Thermionic emission and tunneling of the carriers in the
reverse direction. Moreover, using highly doped semiconductors and existence of charge
states at the interface of metal and semiconductor further lowers the barrier height [62],
[63]. Figure 2.11.a shows and reduction of effective Schottky barrier height by increasing
in doping concentration of semiconductor and existence of interface states. In these
devices, based on equation (2.2) and (2.3), a smaller Schottky barrier height results into
increased reverse saturation current density.
Connecting a solar cell to a power consuming load, such as battery or converter,
leads to induction of a voltage drop at the terminals of the device, and effectively,
reducing the built-in potential in the solar cell. Also, application of a reverse bias voltage
can lead to increased flow of charge carriers in the reverse direction. This can be seen
from Figure 2.11.b, where the effect of doping concentration and reverse applied voltage
on the Schottky barrier height lowering is observed.
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Figure 2.11 Effect of doping concentration and reverse applied voltage on Schottky
barrier height lowering. As the (a) doping concentration increases and (b) reverse bias
voltage increases as well, the barrier height lowering increases furthermore.

As J0 increases with lowering the Schottky barrier height, other photovoltaic
properties of solar cell are also affected. For example, the open-circuit voltage in these
devices can be explained using:
𝑉𝑜𝑐 =

𝑛𝑘𝑇
𝑞

𝐽

ln ( 𝐽𝑝ℎ )
0

(2.5)

It can be seen from equation (2.7) that increase in reverse saturation current
density results into lowered open-circuit voltage, and consequently, lowered power
conversion efficiency.
2.3.2. Investigation of Breakdown Voltage in Schottky Junctions. A
breakdown phenomenon in a Schottky junction can be explained based on two
mechanisms. In the first mechanism, called as tunneling breakdown, the breakdown in
the junction happens at low reverse applied voltage for the junctions made with heavily
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doped semiconductors (>1017 cm-3). A higher doping concentration leads to a narrower
depletion region, expressed using:
2𝜀𝑠 (𝜙𝑆𝐵𝐻 −𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 )

𝑊𝑑 = √

(2.6)

𝑞.𝐶𝐶

Breakdown happens due to nearing of filled states in one side of the junction to
empty states on the other side, which results into electrons tunneling from valence to
conduction band in the reverse direction.
In the second mechanism, called as Avalanche breakdown, the breakdown occurs
at high reverse voltages (> 6 V) in mostly lightly doped junctions (<1016 cm-3) due to
impact ionization between the charge carriers. By increasing reverse applied voltage at
the junction interface, a wider depletion region is resulted, and a large flow of charge
carriers are going to move in the reverse direction. Due to increased kinetic energy of
electrons, they will impact with intrinsic atoms in the depletion region, leading to
generation of additional high-energy electron-hole pairs. This process will continue like
an avalanche, resulting into breakdown on the junction and high reverse current densities.
The process of breakdown in an abrupt junction can be expressed using:
𝑉𝑏𝑟 =

2
𝜀𝑠 𝜖𝑐𝑟𝑖𝑡

2𝑞.𝐶𝐶

(2.7)

where Vbr is the breakdown voltage, and 𝜖𝑐𝑟𝑖𝑡 is the critical peak electrical field at the
time of junction breakdown. Figure 2.12 shows the breakdown voltage versus doping
concentration in some of the most common semiconductors used for solar cell device
fabrication [64].
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Figure 2.12 Breakdown voltage versus doping concentration for some of the widely
used semiconductors in solar cell device fabrication [64].

In summary, occurrence of a breakdown mechanism in a Schottky junction is
dependent on reverse saturation current density, and therefore, a higher breakdown
voltage is achievable by reducing the reverse current density, which will eventually result
in better photovoltaic properties of solar cells.

2.4. THEORY OF ISOLATED COLLECTION AND BIAS SOLAR CELLS
As discussed in the previous section, the barrier height in a Schottky junction
solar cell defines the photovoltaic response of the device. In other words, a larger
Schottky barrier height, leads to a more efficient electron-hole separation and
consequently, higher photo-generated current. Therefore, it is of vital importance to
eliminate or minimize the circumstances where the barrier height could be negatively
affected, and the photovoltaic response could be degraded.
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Figure 2.13 Conventional metal-semiconductor Schottky junction solar cells. It shows
the (a) schematic structure. The depletion region created underneath the primary
collection contact leads to separation of electrons and holes, and therefore, photocurrent generation, and (b) energy band structure of a metal/n-type semiconductor
Schottky solar cell, showing the barrier height and depletion region.

In a conventional Schottky junction solar cell, shown in Figure 2.13, there are
several circumstances where the effective barrier height can be reduced. For example, a
larger reverse saturation current density due to tunneling of charge carrier through the
energy barrier and pinning of the Fermi level energy to surface states, leads to
deteriorated photovoltaic response. Moreover, there can be also other reasons where the
barrier height can be further reduced, such as connecting to external load.

Figure 2.14 Single diode model of a solar cell while connected to an external load.
The voltage drop induced at the terminal due to internal impedance of the load can
potentially reduce the effective barrier height of the solar cell, and therefore, degrade
its photovoltaic response.
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Figure 2.14 shows the single diode model of a solar cell, in which its terminals are
connected to a power consuming load, such as battery system or power converter unit.
The net voltage drop induced at the terminals of the solar cell due to internal impedance
of the load itself, leads to increased voltage drop across the circuit. Based on equation
(2.1) and considering the internal load’s voltage drop, the total current density can be
described as:
𝑞𝑉−𝐼(𝑅𝑠 +𝑅𝑙𝑜𝑎𝑑 )

J = J0exp(

𝑛𝑘𝑇

)

(2.8)

where the Rs is the series resistance and Rload is the resistance of the load
connected to the terminals of the solar cells. As Rload increase, the total voltage drop
across the solar cell also increases, and that results into lower current density. The lower
photo-generated current can be correlated with lower effective barrier height, which can
potentially prevent the solar cell to operate at its maximum efficiency and result into
lowered photovoltaic response.
Following in this section, the concept of Isolated Collection and Biasing solar
cells (ICBS) will be introduced, in which the main objective is to minimize the factors
which lead to reduced Schottky barrier height as mentioned above, and therefore increase
the power conversion efficiency of these ICBS devices.
2.4.1. External Band Bending by Secondary Bias Contact Layer. In an
attempt to improve the photovoltaic response in Schottky junction solar cells, a new
method is proposed here to induce external electric field (i.e. external band bending)
within the flat band regions of a semiconductor, called as Isolated Collection and Biasing
Solar cells (ICBS). This method includes a secondary bias layer junction in addition to
the primary carrier collection junction in the solar cell, in which the bias layer creates
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external band bending at the quasi-neutral regions of the semiconductor’s top surface.
Moreover, it is electrically isolated from the collection layer so that there will not be any
negative changes in its barrier height and ability in separating the electron-hole pairs.
In an ICBS solar cell, the collection contact creates a depletion region within
limited areas of the top surface of semiconductor. The external band bending, and electric
field created by the secondary bias contact at the remaining top surface areas helps for a
more efficient electron-hole separation and therefore, increased photo-generated current.
Figure 2.15 shows the energy band structure of a typical Schottky solar cell. As the solar
spectrum is absorbed at active semiconductor region and within the depletion region, the
band bending leads to charge carrier separation. However, connecting a load to the
terminals of the solar cell (V+ and V-), leads to reduced band bending and therefore
degraded photovoltaic properties.

Figure 2.15 Energy band structure of a conventional Schottky junction solar cell. The
absorbed solar spectrum within the depletion region leads to separation of charge
carrier and photo-current generation. However, existence of external load at terminals
of solar cells (at V+ and V-) leads to reduced barrier height based on this structure.
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On the other hand, in an ICBS solar cell, the secondary band bending created by
bias contact layer leads to introduction of additional depletion region, where more charge
carriers are separated and higher photo-current can be generated due to field-effect
underneath the bias layer. This can be seen by comparing the energy band structure of an
ICBS solar cell, shown in Figure 2.16.

Figure 2.16 Energy band structure of an ICBS solar cell. Existence of secondary bias
contact layer leads to additional external band bending at top surface of semiconductor
which can add to photo-generated current. In this structure, the isolation between the
primary collection and secondary bias contact layer does not reduce the barrier height
at the bias contact layer, and therefore, prevents the degradation in photovoltaic
response in this structure.

2.4.2. Electrical Isolation Between Bias and Collection Layers. The main
advantage of ICBS structure over the conventional Schottky junction solar cell is the
isolation between bias contact and the collection contact. In other words, existence of an
electrical isolation between the bias contact and primary collection contact, in which the
bias contact is floating and primary contact is connected to external circuitry, will leave
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the barrier height underneath the bias contact unaffected if there are any changes in
barrier height underneath the collection contact due to voltage drop of the load. This
leads to a reduced reverse saturation current, improved open-circuit voltage and photocurrent in the ICBS solar cell.
The operating principles in ICBS solar cells is similar to the punch-through
mechanism in MOSFETs, in which there is a flow of electrons from source to drain (i.e.
holes from drain to source) due to a reverse voltage to the drain terminal. This can be
seen in Figure 2.17, where a MOSFET is operating under normal and punch-through
conditions. Punch-through between source and drain leads to increase in depletion region
width at the drain junction, which will eventually result into overlapping of two depletion
regions and flow of the current between the two contacts. Punch-through mechanism is
considered to be a limiting factor in designing MOSFETs, because it increases the
leakage current inside the device and results into soft-breakdown of the transistor.

Figure 2.17 Mechanism of punch-through in a MOSFET device. (a) Under normal
operating condition where there is no overlap of depletion region between the source
and drain, and (b) under reverse voltages applied to the drain contact, the two
depletion regions can overlap. This results into flow of electrons from source to drain
and increase of leakage current and occurrence of soft breakdown. Punch through
mechanism is a limiting factor in designing MOSFET and the gate length.
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However, application of these principles in ICBS devices can be useful to further
widen the depletion region width, and increase the photo-generated current. Figure 2.18
shows the side-view schematic of an ICBS solar cell, in which the bias and collection
contacts are electrically separated from each other, but their depletion region can be
overlapping. By applying an external reverse voltage to the bias contact, the increased
depletion region width under the bias contact and its overlap with the depletion region at
the collection contact layer can help to a more effective charge carrier separation and
flow, and consequently, improved photovoltaic response. This phenomenon will be
investigated in the next section using experimental works, and the results will be studied
to further optimize the photovoltaic performance of ICBS solar cells.

Figure 2.18 Side-view schematic structure of an ICBS solar cell. In this structure, the
depletion regions under the collection and bias contacts are overlapping. This can
result into more efficient drift of charge carriers generated at bias contact to the
collection contact, and therefore, improved photovoltaic response. Also, applying an
external reverse voltage to the bias contact can further widen the depletion region and
potentially further increase the photovoltaic response.

2.5. THEORETICAL PROOF OF CONCEPT FOR ICBS SOLAR CELLS
As mentioned in the previous section, in an ICBS solar cells, the barrier height at
the electrically isolated bias contact layer will not be affected by any changes at the
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collection contact, such as load voltage drop. This is mainly due to isolated or floating
nature of the bias contact layer, which can lead to enhancement in photovoltaic properties
of ICBS solar cells in comparison to conventional Schottky solar cells.

Figure 2.19 Energy band structure of a metal/III-V Schottky solar cell modelled using
COMSOL’s semiconductor module. The effective barrier height is equal to 0.5 eV
under both collection and bias layers. No external load or voltage drop exists at the
collection contact terminals.

In this section, theoretical proof of concept for ICBS solar cells will be presented.
Of particular interest is the electrostatic potential field throughout an ICBS solar cell
device, which has been simulated using a combination of in-house codes and COMSOL’s
Semiconductor Module. Figure 2.19 shows modeling results, where an ICBS solar cell
based on metal/III-V structure with effective Schottky barrier height equal to 0.5 eV is
used. In the first scenario, there is no voltage drop at the collection contact. This results
into Schottky barrier height to remain constant at 0.5 eV at both collection and bias
contacts.
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In the second scenario, a voltage drop equal to 0.3 V is applied to the terminals of
the collection contact. As shown in Figure 2.20, the Schottky barrier height at collection
contact reduces to 0.2 eV due to this voltage drop. However, because of electrical
isolation between the collection and bias layers, this drop is not effective under the bias
contact, and therefore, the Schottky barrier height at bias contact layer remain unaffected.

Figure 2.20 Modelling results showing the energy band structure of a metal/III-V
ICBS solar cell with Schottky barrier height of 0.5 eV. Existence of a voltage drop
equal to 0.3 V at the terminals of the collection contact results into reduction of barrier
height to 0.2 eV. However, due to electrical isolation between collection and bias
layer, this drop is not effective under bias contact layer, and therefore, its barrier
height remains unaffected at 0.5 eV. This shows that ICBS solar cells can potentially
lead to an improved photovoltaic response compared to non-ICBS solar cells.

In conclusion, it can be said that ICBS solar cells can potentially reach a better
photovoltaic response than non-ICBS solar cells, where the unaffected barrier height at
the bias contact layer leads to a more efficient photo-current generation. This will be
verified using the experimental results by fabricating both ICBS and non-ICBS solar cells
and comparing their photovoltaic properties.
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2.6. CHOICE OF MATERIALS IN ICBS SOLAR CELLS
In order to optimize the photovoltaic response from ICBS solar cells, it is
necessary to keep into consideration the factors that can potentially affect this response.
This includes, but not limited to, choice of material to use as bias contact layer to achieve
the highest barrier height. Also, choice of material to be used for passivating the surface
of semiconductor or junction interface is essential in order to minimize the surface states,
Fermi level pinning. Following in this section, these topics will be reviewed and the
candidates will be selected to fabricate ICBS solar cells using them.
2.6.1. Bias Contact Layer. The main purpose of bias contact junction is to
provide an external band bending in addition to the band bending created by the
collection contact junction, so that additional charge carrier generated within the
depletion region of the bias contact can be drifted toward the collection contact, and that
leads to increased total photo-current generation in the ICBS solar cell. Therefore,
achieving a high barrier height or built-on potential is essential for the bias layer in order
to maximize the separation of photo-generated charge carriers.
Considering an ICBS solar cell made using a Schottky structure, a barrier height
at the interface can be created by either using a thin conducting film (including metals
with large work function, transparent conductive oxides, or graphene-based materials) or
n-type semiconductor with different band gap energy (i.e. creation of n-n hetero-junction
at the interface).
For a metallic-based Schottky junction, a metal thin film with high work function,
such as Pt (5.65 eV), Au (5.15 eV), and Ag (4.5 eV), can be used to create a Schottky
barrier height with the n-type semiconductor. Larger the work function, the higher the
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effective Schottky barrier created at the bias contact layer. Waldrop in [65] has designed
and fabricated Schottky junctions by deposition of ~200 nm metal thin films on n-GaAs
(~1016 cm-3), and measured the electrical properties of these junctions, such as Schottky
barrier height, dark reverse saturation, and ideality factor. This is shown in Figure 2.21,
where a Schottky barrier height and dark reverse saturation current density 0.98, 0.93 eV,
and 2.6×10-9, 4.6×10-6 A/cm2 has been achieved for Ag/n-GaAs and Au/n-Au Schottky
junctions, accordingly.

Figure 2.21 Average barrier height of metal/n-type GaAs Schottky junction using
different metallic materials with different work functions. The GaAs semiconductor is
n-type with doping concentration around 1×1016 cm-3 [65].

Moreover, Schottky junction with large barrier height can be realized using
transparent conductive oxide thin films. In [66], S. J. Yoon et al. have fabricated Schottky
contacts on n-GaN with doping concentration ~1018 cm-3 by deposition of Ag/ITO 3/200
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nm using electron-beam evaporation technique. A post-annealing process of the device at
different temperatures of 350 ℃ and 500 ℃ in air for 1 minute has been performed to
further improve the effect of ITO layer on the electrical and optical properties of the
Schottky contact.

Figure 2.22 Ag/ITO thin film deposited on n-type GaN to create Schottky junction.
Post-annealing of the ITO thin films at different temperatures of 350 and 500 ℃
results into improved electrical properties, such as higher Schottky barrier height 0.93
eV compared to 0.82. Also, optical transparency of the device significantly increases
by post annealing to more than 75% [66].

Figure 2.22 shows the schematic structure of the device, along the current-voltage
and optical transmission measurements. It can be observed that annealing the ITO contact
at 500 ℃ results into a lower reverse saturation current and higher Schottky barrier height
of ~10-7 A and 0.93 eV, which is smaller than other two conditions. Also, a higher optical
transparency of more than 75% is measured for this sample, which is significantly higher
than other devices.
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Moreover, graphene has shown to be a good candidate to be used for creation of
Schottky junction on n-type semiconductors, due to their electrical conductivity and
transparency to solar spectrum. K. Li et al have designed and fabricated graphene/GaAs
Schottky solar cells with 2D hexagonal boron nitride (h-BN) as interlayer [67]. It has
been shown application of h-BN results into suppressed transfer of static charge between
graphene and the semiconductor, which can act as electron blocking layer in this
structure.

Figure 2.23 Graphene/GaAs heterojunction Schottky solar cell. (a) Schematic
structure, (b) insertion of 2D hexagonal boron nitride (h-BN) as interlayer between
graphene and the semiconductor has been effective in reducing the unwanted charge
transfer between the two layers, i.e. acting as electron blocking layer, (c) J-V
characterization results under illumination, showing the improved photovoltaic
properties by increasing the thickness of h-BN up to 7 mono-layers. Other
photovoltaic properties, such as open-circuit voltage, Schottky barrier height, and
shunt resistance also show improvement by using h-BN interlayer [67].
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Figure 2.23 shows the schematic structure of the graphene/GaAs heterojunction
Schottky solar cell, along with its band structure showing the application of h-BN as
electron blocking layer, preventing the free electron to move in the reverse direction.
Also, the electrical characterization results show improvement in photovoltaic response
of solar cells, including increase in open-circuit voltage from 560 to 660 mV, Schottky
barrier height from 0.88 to 1.02 eV, and shunt resistance from 105 to 4×106 Ω by using up
to 7 mono-layers of the h-BN interlayer.
A rectifying barrier can also be created by using an n-type semiconductor with a
different bandgap energy or Fermi level in order to form an n-n heterojunction with the
active semiconductor. This leads to formation of a built-in potential at the junction
interface, which can separate the charge carriers and lead to generation of photo-current.
Figure 2.24 shows different schemes in which an n-n heterojunction can be
formed using two n-type semiconductors with different bandgap energies or Fermi levels.
In the first type of band alignment, or the straddling gap, two different n-type
semiconductor materials with different bandgap energy are forming the heterojunction.
Fermi level alignment at thermal equilibrium leads to formation of a band bending at the
junction interface. In the second type of band alignment, or the staggered gap, two n-type
semiconductors with almost equal bandgap, but different electron affinity levels are used.
Similarly, Fermi level alignment, leads to formation of a depletion region and built-in
voltage.
Either of these two scenarios can be used for formation of energy barrier at the
bias contact layer in an ICBS solar cell. Use of a heterojunction may lead to a more
efficient photo-current generation under bias contact layer, due to larger width of
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depletion region compared to a metal-semiconductor junction. However, in order to
achieve a good photovoltaic response, a good heterojunction interface will be needed,
where it requires optimizing the processing steps to minimize the surface states and other
defect that may exist in both semiconductor layers.

Figure 2.24 Representative energy band structures of an n-n heterojunction.: It shows
(a)-(b) straddling gap, where two n-type semiconductors with different bandgaps are
used, and (c)-(d) staggered gap, where two n-type semiconductors with different
electron affinity levels are used. Fermi level alignment at the thermal equilibrium
condition leads to formation of a depletion region and barrier height, which can used
to separate the photo-generated charge carriers under the bias contact layer.

2.6.2. Insulating Passivation Layer. Electrical isolation between collection and
bias contact layer is of essential importance in designing an ICBS solar cell. Also,
reducing the dark reverse saturation current by minimizing the non-radiative
recombination rate in a Schottky device structure is critical to achieve higher power
conversion efficiency. In order to address these two issues, we propose application of

73
insulating thin films that can be used as: 1) passivation layer on or between metalsemiconductor junction, 2) electrical insulation between collection and bias, and 3) antireflection coating (ARC) in the solar cell.
A material with a large dielectric constant that can not only reduce the leakage
current between the metallic contacts, but also passivate the surface of the semiconductor
by eliminating the surface states and dangling bonds can be used as a candidate
passivation layer. An example of a suitable dielectric material is Al2O3 with a dielectric
constant of 9.1 and refractive index of 1.77, which is extensively used for surface
passivation of Si and GaAs, and as interfacial layer in metal-semiconductor Schottky
junctions.
Authors in [68] have shown the effect of surface passivation on GaAs using Al2O3
and HfO2 deposited by atomic layer deposition (ALD) technique. It has been shown that
using a pre-treatment of GaAs substrate by soaking into a solution of ammonium
hydroxide (NH4OH) for 3 minutes removes the arsenic and gallium oxides from the
surface of semiconductor and results into elemental arsenic and gallium sub-oxide, prior
to deposition of a thin film (5~10 nm) Al2O3 using ALD technique [69]. This can help to
reduce a high density of surface states, and therefore, unpin the Fermi level at the surface
of semiconductor, and greatly reduce the leakage current.
Figure 2.25 shows the leakage current versus applied voltage of the metal-oxidesemiconductor (MOS) structures fabricated by ALD deposition of 5 nm Al2O3 on pGaAs. The results show a very lower leakage current for the samples that received
NH4OH pre-treatment, which indicated the good surface passivation properties.
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Not only passivation layers can be used at the top surface of the semiconductor,
but also they can be used as interfacial layer between metal contact and semiconductor, in
which creation of a metal-insulator-semiconductor can lead to improved photovoltaic
response by passivating the semiconductor surface, in addition to acting as electron hole
barrier.

Figure 2.25 Leakage current versus bias voltage in the fabricated MOS junction using
5 nm ALD-deposited Al2O3 thin film on p-GaAs. They are under two conditions of (a)
as deposited, and (b) post-deposition annealing at 700 ℃. It can be clearly seen that
the devices in which they received pre-treatment of NH4OH show the lowest leakage
current, which can be indicating of good surface passivation of the p-GaAs [68].

A. Turut et al. have fabricated Au/Ti/Al2O3/n-GaAs MIS structures by deposition
of a 5 nm Al2O3 thin film between metal and semiconductor using ALD technique and
observed an improvement in Schottky barrier height from 0.77 eV to 1.18 eV by using
interfacial passivation layer [70]. Moreover, a reduction in reverse saturation current
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density from 7.3×10-7 to 1.2×10-14 mA/cm2 was observed due to application of Al2O3
interfacial layer, as show in Figure 2.26.

Figure 2.26 Au/Ti/Al2O3/n-GaAs MIS structure. It represents the (a) schematic
structure, where a 5 nm interfacial Al2O3 thin film has been used as interfacial
passivation layer, and (b) J-V characteristics showing the improved Schottky barrier
height and reduced reverse current density after using interfacial Al2O3 layer. Inset
shows the J-V characteristics before passivation [70].

Also, authors in [71] have used Al2O3 interfacial layer in a graphene/n-Si
Schottky solar cell, where not only the passivating properties of Al2O3 has led to
improvement in reducing the non-radiative recombination at the semiconductor surface,
but also due to large bandgap of Al2O3, it has been also used as electron blocking layer
(EBL). Figure 2.27.a shows that the best photovoltaic response has been achieved at a
thickness of 3 nm. The J-V characteristics of graphene/n-Si Schottky solar cells with and
without Al2O3 interfacial layer is subsequently shown in Figure 2.27.b, and an increase in
open-circuit voltage and power conversion efficiency from 353 to 556 mV and 3.6% to
8.4% is observed, accordingly.
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Figure 2.27 Graphene/n-Si Schottky solar cells with Al2O3 interfacial and EBL layer.
(a) Variation in photovoltaic response. A thickness of 3 nm has resulted into the best
open-circuit voltage and short-circuit current density; (b) J-V characteristics of
Schottky solar cells under illumination showing improvement in power conversion
efficiency from 3.6% to 8.4% by using Al2O3 interfacial passivation layer [71].

Another suitable dielectric material for use as passivation layer is ZnO. Authors in
[72] have grown a 2 nm ZnO thin film using atomic layer deposition technique and
observed improved interface between GaAs and the Al2O3 gate dielectric in a MOS
capacitor.
Considering a metallic-based Schottky junction on GaAs, the optimum refractive
index for the insulating thin film to be also used as anti-reflection coating (ARC) can be
calculated based on:
𝑛𝐴𝑅𝐶 = √𝑛0 𝑛𝐺𝑎𝐴𝑠

(2.9)

, where nARC, n0, nGaAs are the refractive indices ARC layer, air, and GaAs. A refractive
index of 2.01 for the ARC layer is calculated at wavelength of 550 nm, considering n0 = 1
and nGaAs = 4.06.
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Figure 2.28 External quantum efficiency of an AlGaAs/GaAs heterojunction solar cell
with and without using of anti-reflection coating. Application of ARC leads to
significant increase in EQE from around 60% to 90%, which shows improvement in
photovoltaic properties of the devices [73].

Authors in [73] have used a double-layer ZrO2/Al2O3 structures with optimized
thicknesses of 49 nm and 45 nm as anti-reflection coating on AlGaAs/GaAs
heterojunction solar cell. Figure 2.28 shows the EQE of the solar cells with and without
ARC layer, where the EQE has significantly increased from around 60% to 90%. This
leads to increased absorption of solar spectrum within the solar cells, which will result
into improved photovoltaic properties of these devices by using ARC.
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3. FABRICATION AND CHARACTERIZATION OF GAAS ICBS SOLAR
CELLS
3.1. INTRODUCTION TO THE FABRICATION PROCESS
The modeling and simulation results of the proposed structure for Schottky
junction solar cells, called as Isolated Collection and Biasing solar cells (ICBS), was
extensively discussed and studied in the previous section. It was shown that reduction of
barrier height in a Schottky junction solar cell is the main reason for a lower power
conversion efficiency of these devices, where due to transport of charge carriers in the
reverse direction explained by the Thermionic Field Emission theory (TFE), the total
reverse saturation current density increases. This leads to degraded diode-like and
photovoltaic properties of these solar cells, including lowered open-circuit voltage, shunt
resistance, and ideality factor.
In an ICBS solar cell, existence of a secondary bias contact, electrically isolated
from the primary collection contact, leads to generation of external band bending at the
top surface of semiconductor, and increased photo-generated current. Also, due to
electrical isolation between bias and collection contacts, Schottky barrier height will not
be affected and reduced due to existence of external load. This helps for a more efficient
photon absorption efficiency in ICBS solar cells. Simulation results based on COMSOL
modellings shows advantage of ICBS solar cells in comparison to non-ICBS solar cells,
in which the effective Schottky barrier height under bias contact layer was not reduced
when it was reduced under collection contact layer.
In this section, the theoretical studies and understandings regarding the ICBS
solar cells are used to experimentally design and fabricate these devices. As mentioned in
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the first section, the ultimate objective of this research is to develop high efficiency
multi-junction solar cells, in which top junction can be replaced by a III-V based ICBS
solar cells. Therefore, the focus here will be mostly on designing and fabricating single
junction ICBS solar cell based on GaAs with bandgap energy of 1.4 eV.

3.2. QUASI-VERTICAL ICBS SOLAR CELLS
The current device has evolved to be designed based on a quasi-vertical structure
as shown in Figure 3.1. In this structure, the collection and bias contacts that create
energy band bending and depletion regions within the semiconductor and are responsible
in collecting the photo-generated holes are placed at the top surface, whereas the ohmic
contact that collects the photo-generated electrons is placed at the mesa etched layer.

Figure 3.1 Quasi-vertical structure designed for fabricating ICBS solar cells. In this
structure, the collection and bias contact are placed at the top surface and the ohmic
contact is placed within a mesa etched layer to increase the charge carrier separation at
the depletion region. This design will help to minimize the leakage current between
the metallic contacts, and therefore, prevent reduction in photovoltaic response.
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This quasi-vertical structure has several advantages over a horizontal structure,
where separation of electrons and holes may happen incompletely, and it can lead to
reduced photovoltaic response. Moreover, fabricating such a quasi-vertical structure
paves the way toward the final tandem structure, in which different sub-cells with
complete vertical structure are stacked on top of each other to form the multi-junction
structure.
3.2.1. Photomask Design and Design of Experiment (DOE). The first step in
fabrication of opto-electronic devices is designing the pattern of the devices, which can
be done using either a photomask, shadow mask, or direct pattern transfer. In this
research work, several photomasks are designed and fabricated for creating the pattern of
different contacts on the ICBS solar cells using UV photolithography.

Figure 3.2 Top view of an ICBS solar cell, in which five different photomasks are
used. These photomasks include mesa etch layer, ohmic contact (black), bias contact
(light blue), thick probing pad for bias contact (purple), and collection contact (dark
blue).

81
Figure 3.2 shows the top view of an ICBS solar cells, where different photomasks
are used to complete fabrication process of the device. It is basically a quasi-vertical
structure which requires 5 different photomasks, including: 1) mesa etch layer, 2) ohmic
contact (black), 3) bias contact (light blue), 4) thick probing pad for bias contact (purple),
and 5) collection contact (dark blue).
In order to achieve an optimized photovoltaic performance for the ICBS solar
cells, photomasks are designed with different patterns that have variations in shape, gap
size, contact finger number, and total area. Hall and TLM patterns were also made in
order to measure the carrier concentration, sheet and contact resistance of the devices.
All the patterns were designed using AutoCad® software and printed out by
Photo Sciences Inc. using soda lime glass with thickness of 2.8 mm and minimum feature
size of 3 µm. Each photomask included pattern for 3×3, 5×5, 8×8, and 10×10 mm2 size
devices, and several other Schottky diode test devices.
3.2.2. Effect of Change in Collection Contact Fingers. Increasing the number
of collection contact fingers leads to larger areas where there is a depletion region at the
top surface of semiconductor, as shown in Figure 3.3.
This can potentially increase the collection efficiency of photo-generated holes,
and therefore, improve the total current. However, by doing so, the equivalent bias
contact area decreases, and therefore, the effect of secondary bias contact layer on the
total photo-response will be reduced.
Figure 3.4 shows the J-V characterization results of the solar cells with 5 and 15
collection contact fingers. As it can be seen, higher Voc and Jsc of 177 mV and 184 uA
and has been observed in the solar cells with 5 collection contact fingers than the devices
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with 15 fingers. This can be attributed to the reduced active region under the bias contact
where the solar spectrum is absorbed.

Figure 3.3 ICBS solar cells with different number of collection contact fingers.
Increasing the number of fingers can potentially increase the collection efficiency of
photo-generated holes, but decrease the effect of bias contact layer, which may
negatively impact the photovoltaic response from these devices.

Figure 3.4 J-V characterization results showing a better photovoltaic performance of
solar cells with 5 collection contact fingers than 15. Increase in collection contact
layer leads to reduced active area under the bias contact layer, and therefore, degraded
photovoltaic properties.
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3.2.3. Effect of Change in Bias to Collection Contact Ratio. Similar to
increasing the number of collection contact fingers, a change in the ratio of the bias
contact area to collection contact area can change the photovoltaic properties of the solar
cells. Existence of a larger bias contact region can create larger areas with band bending,
and therefore can increase the photo-generated current from the devices.
Figure 3.5 shows the schematics of ICBS solar cells with two different bias to
collection contact ratio. It can be said that when the bias contact area decreases by half,
less photo-generated carriers underneath the bias contact region will be drifted away from
bias contact and collected at the collection contact.

Figure 3.5 Schematic structure of ICBS solar cells, showing two different
configurations with different bias to collection contact ratio. Decreasing this ratio to
half in (b), leads to less active region area for absorption of solar spectrum under bias
contact layer.
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The J-V characterization results show better photovoltaic properties when the bias
to collection contact area ratio is the highest. In other words, a larger bias contact region
leads to more absorption of photons and therefore, improved short-circuit current density.
3.2.4. Effect of Change in Gap Size. As shown in the Figure 3.5, different
contacts in an ICBS solar cell are designed based on a quasi-vertical structure, where the
bias and collection contacts are at top, and ohmic contact is at the mesa etched layer. This
helps for a more efficient carrier separation at the depletion region, and therefore,
reduced recombination of phot-generated carriers.

Figure 3.6 Schematic structure of ICBS solar cells with two different gap sizes
between contacts. A smaller gap size results into less flat band quasi-neutral region
and potentially better photovoltaic response. However, it can also increase the shunt
current leakage between contacts and result into an electrical short and device failure.

The gap size between different contacts in an ICBS structure determines the path,
horizontally and vertically, where the free carriers are drifted to and collected. Therefore,
it is important to optimize these gaps for highest photovoltaic response. Reducing the gap
size between the bias and collection contacts reduces the flat band quasi-neutral region at
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the top surface of semiconductor, and therefore, increases the generation of electron-hole
pairs. However, a very small gap between the collection and bias contacts can increase
the shunt leakage current between the contacts and increase the potential for occurrence
of an electrical short between these two contacts, whether may occur during the
processing steps.
Figure 3.6 shows the schematic structure of ICBS solar cells with two different
gap sizes between the contacts. A larger gap size of 10 µm compared to 5 µm can reduce
the leakage between bias and collection, and at the same time, decrease the charge carrier
collection efficiency at the collection contact due to larger quasi-neutral region between
the contacts.
The optimization of gap size has shown to significantly affect the performance of
ICBS solar cells, both in photovoltaic and diode-like properties. This will be studied later
in this section, where the results of electrical and optical measurements on ICBS solar
cells with different gap sizes are shown and analyzed.
3.2.5. Effect of Different Symmetries. In an ICBS solar cell, the drift of free
holes and electrons generated underneath the bias contact layer to the collection and
ohmic layers are important to improve the photovoltaic response of the device. Therefore,
it can be said that different symmetric of contacts can directly affect the charge carrier
generation and collection in the solar cells.
Figure 3.7 shows three different symmetries designed in the photomask for
fabricating the ICBS solar cells. In the first structure, called as asymmetric, collection and
ohmic contact pads are placed next to each other, whereas in the other two structures,
these two contacts are placed further from each other and in a symmetrical position
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relative to the center of the device. In the second structure, called as symmetric I, the
photo-generated holes have a shorter drift transport distance to the collection contact,
where it can potentially lead to increased collection efficiency of holes and photogenerated current. Similarly, in the third structure, called as symmetric II, the electron’s
drift transport distance to the ohmic contact is decreased, and that can improve the
photovoltaic properties of the devices.

Figure 3.7 Top view of three different symmetries for ICBS solar cells. In (a)
asymmetric structure, the collection and ohmic pads are placed closer to each other,
whereas in other structures, these contacts are placed differently (more symmetrical
relative to the center line of the device). In symmetric I (b) and symmetric II (c), the
drift transport distance is shorter for holes and electrons. This can potentially lead to a
more efficient charge carrier separation and collection in these devices, and therefore,
improved photovoltaic properties.

Figure 3.8 shows the J-V characteristics of ICBS solar cells made using these
three structures. Highest Voc and Jsc is achieved for the asymmetric devices, where the
holes and electrons at the collection contact layer have the shortest path to be collected by
collection and ohmic contacts. Moreover, smallest leakage current and largest breakdown
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voltage among the three structures has been observed in asymmetric devices, which
shows more efficient collection of charge carriers in this symmetry.
Due to lowest photovoltaic properties of symmetric II device structure compared
to the other two symmetries, the fabrication process will mostly focus on using the first
two symmetries, asymmetric and symmetric I, in which their photovoltaic responses were
comparable to each other and show potential to further work on. Following this section,
the experimental works will focus on device fabrication, measurement, and
characterization based on these two symmetries.

Figure 3.8 J-V characteristics of ICBS solar cells with different symmetries under
illumination condition of 100 mW/cm2. Asymmetric device structure shows the
highest Voc and Jsc.

3.2.6. Process Control Monitoring (PCM) Devices. The process of design of
experiment (DOE) for fabricating ICBS solar cells involves a continuous control over the
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quality of fabricated devices. This involves process control monitoring from the first step
of receiving the bare semiconductor wafer, to wet and dry processing steps for fabricating
different contacts, and finally standard electrical and optical characterization of these
devices upon completion of device fabrication. Schottky diode structures are designed to
characterize the diode-like properties of the devices. Figure 3.9 shows the schematic
structure of these Schottky diodes, where both materials used for creation of rectifying
collection and bias junctions can be characterized. Moreover, different gap sizes of 10
µm, 5 µm, 2 µm, and 1 µm between contacts were implemented in these test devices, in
order to investigate the effect of shunt leakage current on different properties of the
diode. These devices are fabricated alongside each set of ICBS solar cells, in order to
ensure a reliable diode-like response in the ICBS solar cells, and to have the ability to
compare the measurement results in each set with previous sets of solar cells.

Figure 3.9 Schottky diodes made for characterization of materials used for both
collection and bias junctions (a) Top and (b) side views. Different gap sizes of 10 µm,
5 µm, 2 µm, and 1 µm are used investigating the effect of leakage current on the
diode-like properties of these devices.
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In order to characterize the quality of the semiconductor wafer, Hall structures
were implemented in the photomask design. Figure 3.10 shows the schematic structure of
test devices used for Hall measurement. Using this structure, sheet resistivity (𝜌𝑠ℎ𝑒𝑒𝑡 ),
doping level, and mobility of free charge carriers (𝜇𝑒 ) can be calculated using:
𝜌𝑠ℎ𝑒𝑒𝑡 =
𝐶𝐶 =

𝐵
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where Vxx, Vxy, and Ixx are the voltage and current measured along x- and y-axis, W the
width of the Hall test feature, t the thickness, A the area of the feature, and B is the
magnetic flux density.

Figure 3.10 Hall test device for characterization of the semiconductor wafer. It is used
for measurement of sheet resistivity, doping level, and mobility of free charge carriers.

Transmission line measurement (TLM) test devices were designed in the
photomask in order to characterize the ohmic contact of the ICBS solar cells. Using this
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technique, different ohmic contact parameters, such as contact resistance, and sheet
resistivity can be calculated. TLM test device consists of multiple ohmic contact pads in
square or circular shape placed in different distances from each other. By measuring the
current-voltage characteristics between these ohmic contact pads, and plotting the
calculated resistance versus distance, ohmic contact resistance (Rc) can be calculated by
finding the intersection of the line fit with the y-axis, as show in Figure 3.11.
Also, the sheet resistance (Rsheet) and contact resistivity (𝜌𝑐 ) can be calculated:
𝑅𝑠ℎ𝑒𝑒𝑡 = 𝑆𝑙𝑜𝑝𝑒 × 𝑊

(3.4)

𝜌𝑐 = 𝑅𝑐 × 𝐿𝑇 × 𝑊

(3.5)

where W is the width of the ohmic contact pads, and LT is the transfer length that can be
calculated by finding the intersection of the line fit to the x-axis and dividing it by half.
Figure 3.11 shows the calculated resistance versus distance for the TLM test
devices. They are used for characterization of ohmic contacts in ICBS solar cells and
consist of a multi-layer Ni/AuGe/Ni/Au on n-type GaAs with width of 300µm. These test
devices are then annealed at temperature of 440 ℃ for 90 seconds at a forming gas
environment (95% N2+ 5% H2). The current-voltage characteristics show a linear
behavior, representing ohmic properties of the contact. This will be further studied later
in this section, where the fabrication process for ohmic contact is detailed. Figure 3.12
shows a sectional view of the designed 4”×4” photomask, in which different patterns,
from ICBS solar cells, to PCM devices, including diodes, Hall, and TLM test devices are
shown. The patterns for the ICBS solar cells are toward the center of the mask, where
there is high uniformity in the illuminated UV light from the source for the
photolithography process. These devices are categorized into: I) 5 mm×5 mm device with
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10 µm gap size, II) 5 mm×5 mm device with 5 µm gap size, III) 3 mm×3 mm device with
10 µm gap size, IV) 3 mm×3 mm device with 5 µm gap size, and V) PCM test devices
(Hall, TLM, and diode structures).

Figure 3.11 Resistance versus distance for the TLM patterns. By finding a line fit and
locating the intersection with y- and x-axis, contact resistivity can be calculated.

Figure 3.12 Sectional view of the 4”×4” photomask. Different devices, including
ICBS solar cells, and PCM devices are included in the mask. These devices can be
categorized into: I) 5mm×5mm device with 10µm gap size, II) 5mm×5mm device
with 5µm gap size, III) 3mm×3mm device with 10µm gap size, IV) 3mm×3mm
device with 5µm gap size, and V) PCM test devices (Hall, TLM, and diode).
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3.3. PROCESS DEVELOPMENT AND OPTIMIZATION
In this section, different experimental efforts for fabricating ICBS solar cells and
other PCM test devices are explained and discussed. Here, the objective is to develop a
processing traveler for a single junction ICBS solar cell based on GaAs substrate. This
requires optimization of different wet and dry processing steps throughout different sets
of fabrication in order to achieve a repeatable and reliable photovoltaic response in the
solar cells. The following steps explain different processing steps that were undergone to
fabricate the quasi-vertical ICBS solar cells.
3.3.1. Mesa Etch Layer. GaAs wafers with size carrier concentration between
6×1016 - 7×1017 cm-3, thickness of ~400 µm and average etch pit density of 5000 cm-2
were purchased from AXT Inc. and cut into 1×1 cm2 pieces. These pieces were first
cleaned by acetone and methanol in order to remove organic contaminations, and then
dipped into 1:1 diluted HCL acid for 1 minute to remove any native oxide existing at top
surface of the wafer. In order to pattern for the mesa etch layer, samples were coated with
a thin layer (~1µm) of Shipley S1813 positive photoresist at the speed of 4000 rpm, and
soft baked at 115 ℃ for 1 minute.
Subsequently, the patterns were aligned using a Suss Microtec MA/BA6 mask
aligner, exposed to UV light (365 nm @ 350 W) for 10 seconds at the gap size (between
mask and sample) of 90 µm, and developed using MF321 developer for 90 seconds.
Finally, the samples were etched in H3PO4:H2O2: H2O 3:1:40 solution for 120 seconds to
create a mesa etch, with step size measured at ~200 nm using a Veeco Dektak 3030
surface profiler, as shown in Figure 3.13.
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Figure 3.13 Etching depth versus etch time for creating mesa layer. The wet etch
process includes soaking the samples in H3PO4:H2O2: H2O 3:1:40 solution at different
times and the etch step measured using Dekatak 3030 surface profiler.

3.3.2. Ohmic Contact Layer. Subsequent to mesa etch layer, ohmic contact is
prepared similarly to the previous layer. The samples are then loaded overnight in the ebeam evaporator for deposition of ohmic contact layer. It has been proven that AuGe/Ni
provides a good ohmic contact with linearly measured J-V characteristic and low contact
resistance on n-type GaAs [74].
A thin layer of Ni/AuGe/Ni/Au 5nm/100nm/35nm/50nm is deposited at chamber
pressure and temperature of 2×10-6 Torr and 22 ℃ accordingly, as shown in Figure 3.14.
The effectiveness of ohmic contact was optimized by varying the Ni and Au layer
thicknesses. The ohmic contact is then annealed using MILA-5000 mini-lamp rapid
thermal annealing system under forming gas environment (95% N2 + 5% H2) and
annealing temperature of 440 ℃ for 90 seconds. The average contact resistivity was
calculated using the fabricated TLM structure to be around 3-5×10-3 Ω.cm2.
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Figure 3.14 Development of ohmic contact layer. It includes PVD deposition of
Ni/AuGe/Ni/Au 5/100/35/50 nm thin film on n-GaAs and annealing at 440 ℃ for 90
seconds under forming gas environment.

Figure 3.15 TLM graphs of ohmic contact Ni/AuGe/Ni/Au 5/100/35/50 nm on n-type
GaAs. GaAs has different carrier concentration of (a) 6×1016 cm-3, and (b) 7×1017 cm3
. Higher carrier concentration results into a lower contact resistance and resistivity
due to excess of free charge carriers in the semiconductor.

Figure 3.15 shows the TLM graphs for ohmic contacts fabricated on n-GaAs
wafer with carrier concentration of 6×1016 and 7×1017 cm-3. As the carrier concentration
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increases, the contact resistance decreases due to higher concentration of free charge
carriers at the semiconductor. However, in both cases of the carrier concentration, the I-V
characteristic shows a linear ohmic behavior.
3.3.3. Bias and Collection Contact Layers. Following the ohmic contact layer
deposition, a thin bias contact layer of 5 nm (Ag or Au) and collection contact layer of
Ni/Au 5/100 nm are deposited similarly using photolithography and electron beam
evaporation techniques, as shown in Figure 3.16. These two contact layers are electrically
separated from each other, in order to prevent the Schottky barrier height under bias
contact layer to remain unaffected to variation in barrier height under collection contact
layer. This will require an optimization in the gap size between these two contacts, and
therefore, will be discussed later in this section, accordingly.

Figure 3.16 Fabrication of bias (Ag or Au 5nm) and collection (Ni/Au 5/100 nm)
contact layers using electron beam evaporation technique. A chemical pretreatment of
Piranha etch is added prior to metal deposition to remove any native oxide and reduce
the density of surface states.
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Prior to loading the samples for metal deposition, a pre-treatment step is added
that includes a 5 seconds etch in diluted Piranha solution H2SO4:H2O2:H2O 1:1:50 and
HCL:H2O 1:1 and in order to remove any native oxide layer on GaAs surface and also
prepare the sample for contact deposition. This will also help to reduce the density of
states at the surface of n-GaAs, and therefore, prevents the Fermi level pinning which can
potentially degrade the photovoltaic performance of the solar cells.

Figure 3.17 Bias contact pad consisting of Ni/Au 5/100 nm thin film layers. The main
reasons for using bias contact pad is to characterize the bias layer itself (Schottky
barrier height, diode-like parameters, etc.), and ability to ensure electrical separation
between bias and collection contact layers.

3.3.4. Bias Contact Pad. Finally, a 100 nm thick probing pad for bias layer is
deposited in order to apply external voltage directly to this layer, as shown in Figure 3.17.
A pretreatment of HCL:H2O 1:1 for 3 seconds is performed in order to remove any
contamination on the surface of bias contact layer prior to metal deposition. The main
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reason for probing the bias contact layer is to characterize its rectifying behavior and
Schottky barrier height underneath it. Moreover, electrical characterization to ensure
electrical separation between these two contacts are also performed, which requires
probing of the bias contact layer.
The summary of the processing steps for fabrication of ICBS solar cells is brought
in Figure 3.18, where n-GaAs wafer with carrier concentration between 6×1016 - 7×1017
cm-3 are used to create mesa etch layer.

Figure 3.18 Summary of processing steps for fabrication of ICBS solar cells. It ranges
from receiving the n-GaAs wafer to creating etched mesa layer for deposition of
ohmic contact layer. Bias and collection contact layers are also deposited similarly
using electron beam evaporation technique. A thick 100 nm bias contact pad is used
for characterization of bias layer and ensuring electrical isolation from the collection
contact layer.

3.4. DESIGN OF GAP BETWEEN BIAS AND COLLECTION CONTACTS
As mentioned in the previously, the key factor in an ICBS solar cell is the
electrical isolation between the collection and bias contact layer, so the Schottky barrier
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height at bias contact remains unaffected to any changes in the barrier height at the
collection contact layer. Therefore, it seems essential to design the ICBS solar cells with
these contacts electrically isolated from each other. The process for designing isolated
bias contact layer involves including an insulating gap between these two contacts, so
that these two contacts are not electrically shorted to each other. The bias and contact
layer were isolated from each other with a gap size of around 10 mm, in order to ensure
electrical separation between these two contacts. This can be achieved using the designed
photomask and normal photolithography techniques in the cleanroom environment.
Figure 3.19 shows the I-V characterization between the collection and bias contact layer
where the collection and bias contacts are electrically isolated from each other, and where
these two contacts are shorted to each other. The results show a rectifying and diode-like
behavior when the bias and collection contacts are separated from each, and a linear
ohmic-like behavior when they are shorted to each other. It was observed that although
the isolation between the bias and collection contact layers can be achieved, however, the
large size of the gap size of about 10 mm leads to formation of a quasi-neutral region
between these two contacts, where the photo-generated charge carriers (holes) can be
recombined at this region, and not be collected by the collection contact layer. In other
words, there exists a large quasi-neutral region between depletion regions underneath the
bias and collection contact layers. The depletion region width at the bias and collection
contacts can be calculated using:
2𝜀𝑠

𝑊𝐷𝑀−𝑆 = √

𝑞

1

(𝐶𝐶) (𝜙𝑆𝐵𝐻 − 𝑉𝑎 )

(3.6)

where a value between 43 to 146 nm can be calculated for solar cells made using n-type
GaAs with carrier concentration between 6×1016 - 7×1017 cm-3. Figure 3.20 shows the
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schematic side-view of this structure, where a large quasi-neutral region can be formed
between bias and collection contact layers with the gap size equivalent to 10 mm.

Figure 3.19 I-V characterization results between collection and bias contact layers in
two scenarios. When (a) these contact are electrical isolated from each other and a
rectifying diode-like behavior is observed, and (b) when they are shorted to each
other, and a linear ohmic behavior is measured between these two contacts. The 10
m gap between collection and bias contact layers were created using the typical
photolithography techniques and the designed photomask.

Figure 3.20 Side-view schematic of the ICBS solar cells, where the collection and bias
contact layers are electrically separated from each other. A large quasi-neutral region
between these two contacts leads to possible recombination of charge carriers outside
of the depletion regions and therefore, not efficient collection of holes drifted away
from bias to collection contact layers.
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In order to alleviate the effect of quasi-neutral region between the collection and
bias contacts, the gap size was reduced to around 100 nm, where the two depletion
regions under collection and bias contacts are overlapping with each other, and photogenerated holes can be drifted away from bias contact and collected at the collection
contact without being recombined with electrons.

Figure 3.21 Processing steps for fabrication of ~100 nm gap between collection and
bias contacts. (a) asymmetric alignment of collection contact pattern in order to create
overlap with the deposited bias metal, (b) Isotropic etching of the bias contact layer
(Ag 5nm) using HCL:HNO3:H2O 1:0.5:2 solution for 10 seconds to create an
undercut layer below the photoresist layer, (c) conformal deposition of collection
contact layer (Ni/Au 5/100 nm) using e-beam evaporation, and (d) final device
structure with ~100 nm gap between collection and bias contacts. Reduced gap size
leads to overlap of depletion regions and more efficient charge transfer from bias to
collection contact.

Figure 3.21 shows the processing steps to fabricate a ~100 nm gap size between
the two contacts. First, an asymmetric alignment was performed using the collection
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contact mask, so that the pattern of the collection contact layer and the deposited bias
contact layer are overlapped with each other. Secondly, an etching step was performed
using HCL:HNO3:H2O 1:0.5:2 solution for 10 seconds to isotopically remove the
overlapped (exposed) portion of the bias contact metal (Ag with thickness ~5nm).

Figure 3.22 Optical characterization of ICBS solar cells. (a) Atomic force microscopy
(AFM) height sensor measurements, showing ~100 nm gap between collection and
bias contact region, (b) SEM image of side-view of the similar device showing a
similar gap size measured using AFM.
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Collection contact metal is deposited following that using e-beam evaporation
technique (Ni/Au 5/100 nm). Since the isotropic etching leads to creation of an undercut
below the photoresist, the directional deposition of collection metal leads to final device
structure as shown in Figure 3.21.d, where the bias and collection contacts are electrically
isolated from each other.
Figure 3.22 shows the atomic force microscopy (AFM) and scanning electron
microscopy (SEM) measurements performed on the ICBS solar cells where a ~100 nm
gap between the bias and collection contact layer was created using the above-mentioned
processing technique. Therefore, it can be said that the created gap leads to overlap of
depletion regions the collection and bias contact layers. This will potentially lead to a
more efficient charge carrier transportation from bias to collection contact layer, and
improved photovoltaic properties of the solar cells.

Figure 3.23 J-V characterization of ICBS solar cells with gap sizes of 10 mm and 100
nm. They have been measured under standard illumination condition of 100 mW/cm2.
A smaller gap size results into overlap of depletion regions under collection and bias
contact layers, and therefore, a more efficient photo-generated charge transport to the
collection contact layer.
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Figure 3.23 shows the J-V characteristics of the ICBS solar cells with two
different gap size of 10 mm and 100 nm. The gap size of 100 nm leads to a more
improved photovoltaic response than the large gap size, with short circuit current density
increased from 0.2 to 2.4 mA/cm2 and open-circuit voltage increased from 215 to 370
mV. That can be explained mostly based on improved charge transfer from bias to
collection contact.

3.5. ELECTRICAL & OPTICAL CHARACTERIZATION OF ICBS SOLAR
CELLS
In order to investigate the merits of the ICBS solar cell structure, different
electrical and optical characterization techniques were utilized to extract the photovoltaic
and diode-like behavior of these devices. Additionally, the properties of non-ICBS solar
cells were measured in order to investigate the superiority of the proposed structure over
conventional Schottky solar cell structure.
3.5.1. Bias vs. Ohmic Electrical Characterization. A photovoltaic response is
expected under bias contact layer due to creation of a photocurrent. Figure 3.24 shows the
J-V characterization results of bias vs. ohmic contact layer, in which a clear rectifying
and diode-like behavior can be observed. A short circuit current density of 2.43 mA/cm2
and open-circuit voltage of 440 mV was measured under standard illumination condition
of 100 mW/cm2 AM1.5g using a Keithley 2400 sourcemeter.
3.5.2. Collection vs. Ohmic Electrical Characterization. It was found out that a
large gap size of 10 mm could lead to reduction in photovoltaic properties of ICBS solar
cells due to existence of a relatively large quasi-neutral regions between the contacts.
This could reduce the photo-generated charge carrier transport from the bias to the
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collection contact layer, and therefore, result into a lower short-circuit current density and
open-circuit voltage. Based on this structure, where a gap size of 10 mm exists between
collection and bias contact region, it can be safely concluded that any photovoltaic
response measured between the collection and bias contact region is mostly due to effect
of collection contact layer itself. As it can be seen in Figure 3.22, a lower photovoltaic
response is observed between collection and ohmic contact layer compared to bias and
ohmic contact layer. This is mostly due to two reasons: first, the opaque nature of this
layer, which is based on a Ni/Au 5/100 nm thin film deposited using electron beam
evaporation. This will completely block the transmission of the solar spectrum through
the collection contact layer, and therefore, the only photovoltaic response is from edges
of the collection contact layer, which partially receive solar illumination.

Figure 3.24 J-V characterization results between bias and ohmic contact layers. They
have been performed under dark and standard illumination condition of 100 mW/cm2
AM1.5g. It shows a rectifying diode-like behaviors in (a). Also, a photovoltaic
response is observed from the bias contact layer (b), where an open-circuit voltage of
440 mV and short-circuit current density of 2.43 mA/cm2 is measured.
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Secondly, the collection contact layer has a smaller total area of 1.5 mm2
compared to that of the bias contact layer (6.6 mm2). This will reduce the total
photocurrent generated from the collection contact layer relative to the bias contact layer.
Hence, it could be concluded that most of the photovoltaic response from these ICBS
solar cells is originated from the bias contact layer due to its larger area and semitransparent nature.
3.5.3. Effect of Illumination Power on Properties of ICBS Solar Cells. The
current-voltage measurements in this work have been done under dark and illumination
conditions. Under illumination condition, the illumination set up is configured in a way to
achieve an illumination power 100 mW/cm2 and close to 1-sun AM1.5g condition. This
has been achieved by performing a calibration measurement, where the variation in
illumination power is measured using a photodiode, and subsequently, the changes in
photovoltaic properties of the solar cells is documented.

Figure 3.25 Effect of illumination power on photovoltaic properties of the ICBS solar
cells. Increasing the illumination power from dark condition to 2 suns leads to
significant increase in short circuit current and open-circuit voltage.
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Figure 2.25 shows the current-voltage characteristics of the ICSB solar cells with
varying illumination power from 0 (dark) to 2000 mW/cm2 (2-suns). It should be noted
that the current-voltage measurements mentioned throughout this dissertation are
configured between collection and ohmic contacts (with 100 nm gap size between
collection and bias contacts), unless mentioned otherwise.
An increase in both open-circuit voltage and short circuit current is observed by
increasing the illumination power from below 1 sun to near 2 suns. This shows the
potential to further achieve higher power conversion efficiencies in ICBS solar cells by
using a concentrated structure, in which increased illumination power through different
sources or added concentrating lenses can potentially lead to a higher photo-generated
current. Following in this work, all the measurements will be performed on nonconcentrated and standard illumination condition of 100 mW/cm2 and close to 1-sun
AM1.5g conditions [75].
3.5.4. External Quantum Efficiency Measurement of ICBS Solar Cells. The
external quantum efficiency of ICBS solar cells demonstrates the ratio of the photogenerated charge carriers originated from both collection and bias contact layers to the
total number of absorbed photons.
The external quantum efficiency (EQE) of the devices were measured by PV
Measurements, Inc. QEX10, calibrated based on National Institute of Science and
Technology (NIST) reference photodiode. Moreover, the short-circuit current density can
be calculated from EQE measurement using:
𝜆

𝐽𝑠𝑐 = 𝑞 ∫𝜆 𝑚𝑎𝑥 𝜙(𝜆). 𝐸𝑄𝐸(𝜆). 𝑑𝜆
𝑚𝑖𝑛

where q is the charge of electron, and 𝜙(𝜆) is the photon flux at wavelength 𝜆.

(3.7)
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Figure 3.26 External quantum efficiency measurements performed on an ICBS solar
cell. It shows the continuous photon absorption up to the bandgap energy of the GaAs
substrate (~1.42 eV).

Figure 3.26 shows the EQE measurement results of an ICBS solar cell, which
demonstrates photon absorption within the solar cell up to 870 nm (1.42 eV), equivalent
to band gap energy of GaAs. This shows the absorption of photons in the active GaAs
layer, which results into photo-current generation and increase of EQE.

3.6. ANALYSIS OF THE MEASUREMENT RESULTS
The electrical and optical characterization results of the ICBS solar cells were
compared with that of non-ICBS Schottky junction solar cells, in order to investigate the
proof of concept for the ICBS devices. In this section, a comprehensive analysis of the
measurement results on single junction ICBS solar cells based on n-type GaAs is
performed, and the results of comparison between the two structures are discussed.
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Furthermore, effect of carrier concentration of n-type GaAs active layer and
change of the bias contact layer material on the diode-like and photovoltaic properties of
the ICBS solar cells is discussed. A relatively lower doping concentration results into a
better photovoltaic response, mainly due to a larger depletion region width and lower
density of defects. Also, changing the bias contact material from Au to Ag has resulted
into improved photovoltaic properties due to increase in the Schottky barrier height.
These results help to establish an optimized process control monitoring (PCM) procedure
for development of high efficiency ICBS solar cells that can be used in single- and multijunction structure.
3.6.1. Experimental Proof of Concept for ICBS Solar Cells. As mentioned
previously regarding the theory of ICBS solar cells, the main advantage of ICBS solar
cells over conventional Schottky junction solar cells is the electrical isolation between
bias and the collection contact layers, in which the barrier height at bias contact remains
unaffected if there are any changes in the barrier height of the collection contact. This
will potentially lead to improved photovoltaic properties of the ICBS solar cells. Figure
3.27 shows a representative I-V characteristic for the best performing ICBS and nonICBS solar cells, where the non-ICBS structure was achieved by electrical shortening of
the bias and collection contacts. It shows improved photovoltaic properties for the ICBS
solar cells compared to non-ICBS devices, where a higher short circuit current and opencircuit voltage was achieved.
Table 3.1 shows the average of the measured J-V characteristics between all ICBS
and non-ICBS Schottky junction solar cells. Significant improvement in photovoltaic
properties of ICBS solar cells is observed in comparison to non-ICBS devices, where
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Voc, Jsc, and FF increases from 379 to 428 meV, 1.41 to 2.05 mA/cm2, and 42% to 67%.
Moreover, a significant reduction in reverse saturation current density from 0.17 to 0.04
µA/cm2 and increase in shunt resistance from 25 to 496 kΩ are observed in the ICBS
structure, which shows the reduction of non-radiative recombination rate.

Figure 3.27 I-V characteristics of the best performing single junction GaAs-based
ICBS and non-ICBS solar cells. Non-ICBS Schottky junction solar cells are made by
shortening the bias and collection contact layers. The measurement results show
improvement in the photovoltaic properties of the ICBS solar cells compared to nonICBS devices.

Moreover, reduction in reverse saturation current density leads to an improvement
in the open-circuit voltage and Schottky barrier height from 378 to 428 meV and 742 to
790 meV, which can be explained using:
𝑉𝑜𝑐 =

𝑘𝑇
𝑞

𝜙𝑆𝐵𝐻 =

𝐽

𝑙𝑛 ( 𝐽𝑠𝑐 + 1)
0

𝑘𝑇
𝑞

𝐴∗ 𝑇 2

ln (

𝐽0

)

(3.8)
(3.9)
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where 𝜙𝑆𝐵𝐻 is the Schottky barrier height, and A* is the effective Richardson constant
equivalent to 8×108 A.cm-2/K-2.T.

Table 3.1 J-V characteristics of ICBS solar cells, showing improved photovoltaic
properties in comparison to non-ICBS solar cells.

Structure

Voc
(mV)

Jsc
(mA/cm2)

FF
(%)

𝜙𝑆𝐵𝐻
(meV)

J0
(µA/cm2)

Rs
(Ω)

Rsh
(kΩ)

ICBS

428.37

2.05

66.82

790.67

0.04

4.75

496.06

Non-ICBS

378.70

1.41

42.49

742.80

0.17

5.30

25.64

The analysis of these measurement results shows the effectiveness of ICBS
structure in improving the photovoltaic performance of Schottky junction solar cells,
where a relatively larger barrier height and photo-generated current is achieved compared
to the non-ICBS structure.
3.6.2. Effect of Carrier Concentration on ICBS Solar Cells. Figure 3.28 shows
the effect of carrier concentration of n-GaAs layer on the photovoltaic response of ICBS
solar cells. It is observed that the devices with higher carrier concentration have shown a
worse photovoltaic response in comparison to lower doped devices. Table 3.2 shows the
extracted photovoltaic and diode-like parameters for the ICBS solar cells with different
carrier concentration levels. The average values of ϕSBH, Voc, Jsc, and FF have decreased
from 800 meV, 389 mV, 2.05 mA/cm2, and 63% to 237 mV, 1.49 mA/cm2, and 49% for
devices with n-GaAs carrier concentration of 6×1016 and 7×1017 cm-3, accordingly.
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Table 3.2 J-V Characteristics of ICBS solar cells with different carrier concentration and
bias layer material.
CC
(cm-3)

Bias
Layer

Voc
(mV)

Jsc
(mA/cm2)

FF
(%)

Au

349.40

2.06

63.60

6×1016

𝜙𝑆𝐵𝐻
(meV)

J0
(µA/cm2)

n

Rs
(Ω)

Rsh
(kΩ)

0.05

1.37

4.31

203

800
Ag

428.37

2.05

62.12

0.04

1.74

4.76

496

Au

193.90

1.43

46.54

4.06

1.75

3.30

6

3.93

2.10

4.12

15.1
0

7×1017

670
Ag

279.19

1.56

52.02

Figure 3.28 I-V characteristics of ICBS solar cells fabricated using n-GaAs with
different carrier concentrations. A higher carrier concentration leads to lower PV
response mainly due to narrower depletion region width and higher levels of defects
which can lead to increased reverse current density in these devices.

This decrease can be attributed to narrower depletion region width and higher
level of defects at the metal-semiconductor junction interface and the bulk of the
semiconductor in higher doped devices. The large difference in J0 for the two levels of
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carrier concentrations shows existence of higher density of defects and dangling bonds
existing at the interface of the junction, which results into tunneling of the charge carriers
based on Thermionic-Field-Emission theory, and subsequently, an increase in the diode’s
ideality factor and decrease in photovoltaic response of the solar cells. It should also be
noted that average series resistance decreases in the ICBS solar cells with increase in
higher carrier concentration from 4.5 to 3.7 Ω, which is expected due to increased
mobility of carriers in these devices.
3.6.3. Effect of Bias Contact Layer Material on ICBS Solar Cells. The
processing for fabrication of the ICBS solar cells included deposition of thin ~5nm metal
film using electron beam evaporation technique. Ag and Au were chosen to be used as
the bias layer material due to their high work function between 4.3 to 4.8 eV, and proven
track record of producing relatively high work function on n-GaAs between 0.8 to 0.9 eV
[76].
Table 3.2 also shows the effect of different bias layer materials on the
photovoltaic properties of ICBS solar cells. An improved Voc has been observed for the
devices based on Ag bias contact layer compared to that of Au. This can be mainly
attributed to improved interface between Ag and the semiconductor, resulting into lower
reverse saturation current for these devices. However, no noticeable change has been
observed in the extracted Schottky barrier height and photo-generated current. This
shows the change in bias contact material to mostly reduce the density of the surface
states existing at metal-semiconductor interface, leading to reduced non-radiative
recombination of charge carriers.
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3.6.4. Breakdown Voltage Analysis. As mentioned in the previous section, there
are two major breakdown mechanisms in a Schottky junction structure. In the first
mechanism, the breakdown occurs due to tunneling of the filled states in one side of the
junction to empty states on the other side. This breakdown usually happens at relatively
low reverse voltages (< 6V) in highly doped junction, where a narrow depletion region
increases the chance of carrier tunneling.
In the second mechanism, the breakdown occurs due to impact ionization of the
charge carriers at high reverse voltage (>6 V). A large flow of current density flows in
the reverse direction due to impact of high energy electrons with intrinsic atoms, where
this process continues like an avalanche.
The process of breakdown in an abrupt junction can be expressed using:
𝑉𝑏𝑟 =

2
𝜀𝑠 𝜖𝑐𝑟𝑖𝑡

2𝑞.𝐶𝐶

(3.10)

where Vbr is the breakdown voltage, and 𝜖𝑐𝑟𝑖𝑡 is the critical peak electrical field at the
time of junction breakdown.
Figure 3.27 shows the approximate breakdown voltages versus carrier
concentration for a GaAs p-n junction structure based on (3.10). A breakdown voltage of
17 V and 6 V can be calculated for doping concentrations of 6×1016 and 7×1017 cm-3 [77].
Similarly, different breakdown voltages for ICBS solar cells with different carrier
concentration were observed, as shown in Figure 3.29. It shows a breakdown voltage of
more than 16 V for ICBS solar cells with lower carrier concentration, which can mostly
be explained based on Avalanche breakdown mechanism. Also, ICBS solar cells with
carrier concentration beyond 7×1017 cm-3 had a breakdown voltage of around 3 V, which
can be mostly related to tunneling breakdown.
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Moreover, due to a high etch pit density in the GaAs wafers (5000 cm-2), a large
reverse saturation current density is expected. This can lead to occurrence of junction
breakdown at relatively lower reverse voltages compared to the theoretical calculations.
Therefore, a higher breakdown voltage in ICBS solar cells would be related to a
reduced reverse current, and subsequently, improved photovoltaic properties. For
example, using a GaAs wafers with smaller dislocation density is expected to improve the
photovoltaic and diode-like properties of the fabricated ICBS solar cells.

Figure 3.29 Breakdown voltage vs. carrier concentration for GaAs p-n junction
structure. A breakdown voltage of 17 V and 6 V can be calculated for doping
concentrations of 6×1016 and 7×1017 cm-3.

3.7. EFFECT OF EXTERNAL BIAS VOLTAGE ON ICBS SOLAR CELLS.
As discussed in the previous sections, a major limitation in conventional Schottky
junction solar cells is the narrower depletion region width and smaller barrier height that
leads to a larger reverse saturation current density and degraded photovoltaic properties
of these devices. This problem is alleviated in an ICBS structure, where a secondary bias
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contact layer isolated from the primary collection contact, creates an external band
bending, and the photo-generated charge carriers are drifted away from the bias to the
collection contact layer.
Also, it was mentioned that a smaller gap between the bias and collection contact
layers leads to overlap between the two depletion regions, and therefore, more efficient
charge transport to the collection contact. The electrical and optical characterization
results showed the photovoltaic response for two gap size of 10 mm and 100 nm, where a
significantly improved photo-generated current and voltage was observed in the devices
with narrower gap size. This punch-through-like mechanism can help to efficiently
transport the charge carriers from underneath the bias to the collection contact layer,
without them being recombined in the quasi-neutral region (in the case of large gap size
of 10 mm between the contacts).
Similarly, in the gate-controlled Schottky solar cells, an additional gate contact is
designed and connected to the main current collection contact, and an external gate
voltage is applied to increase the built-in potential and Schottky barrier height in the
collection contact and widen the depletion region width to generate a greater number of
charge carriers. This could potentially lead to improved photovoltaic response by
reducing the reverse saturation current density.
S. H. Kim et al. have fabricated gate-controlled graphene/n-Si Schottky solar
cells, in which by applying an external reverse voltage of up to -1 V to the gate, the
power conversion efficiency is improved from 5.6% to 8.1%, as shown in Figure 3.30
[78]. Moreover, the finite element simulation results for the proposed gate-controlled
solar cell show the potential distribution across the Schottky junction, where a larger
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barrier height can be achieved by increasing the applied reverse voltage to the gate
contact. In other words, the reverse applied gate voltage widens the depletion region
width, leading to reduced reverse saturation current density and improved photovoltaic
properties of these solar cells.

Figure 3.30 Graphene (graphene-Gr or graphene mesh-GM)/n-Si gate-controlled
Schottky solar cells. (a), (b) Schematic structure, (c) J-V characteristic results of the
solar cells under standard illumination with varying gate voltage, and (d) change in
photovoltaic properties of the solar cells with the applied gate voltage. Increasing the
reverse applied voltage to -1 V results into increased open-circuit voltage from 420 to
~450 mV [78].

Similarly, a gate-controlled graphene/n-GaAs Schottky solar cells is designed and
fabricated in [79], and an increase in the power conversion efficiency from 11% to 18.5%
with increasing the reverse voltage on the gate contact from 0 to -15 V has been
observed. Figure 3.31 shows the top- and side-view representative schematics of the gate-
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controlled Schottky solar cells and the results of J-V characterizations show significant
improvement in photovoltaic response by increasing the gate voltage up to -15 V.

Figure 3.31 Graphene/n-GaAs gated Schottky solar cells. (a) Schematic structure of
the, (b) J-V measurement results under illumination condition show improved
photovoltaic properties by increasing the gate voltage up to -15 V, and (c),(d) analysis
of the measurement results show improvement in power conversion efficiency from
around 10% to 18%, and Schottky barrier height from 0.85 eV to 1.15 eV [79].

It should be noted that in these gate-controlled Schottky solar cells, the added gate
contact layer is not isolated from the current collecting contact, and therefore, a reduction
in photovoltaic response is expected due to a load voltage drop. Moreover, in all these
devices, the most noticeable increase has been observed with regards to the barrier height
and open-circuit voltage, while short-circuit current density has not been improved. This
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can be due to existence of relatively thick insulating layer (larger than the depletion
region) between the gate metal and the active semiconductor layer, which prohibits the
photo-current generation.
In conclusion, it can be said that by applying an appropriate gate voltage, one is
able to improve the photovoltaic properties of Schottky junction solar cells by widening
the depletion region width and reducing the non-radiative recombination of charge
carriers. Following in this section, the results of applying external gate voltage to isolated
bias contact layer will be shown and its effectiveness in changing the performance of the
ICBS solar cells will be investigated.

Figure 3.32 Experimental setup in order to apply external voltage to the bias contact
layer. A DC voltage source is connected to the bias contact layer, where either a
reverse or forward voltage is applied to the contact. The bias and collector contact
layers are still electrically isolated from each, keeping the ICBS structure in place.

Figure 3.32 shows the experimental set up for this structure, where a DC power
supply was used to apply an external voltage to the bias contact layer. The primary
collection layer (collector) is still the contact where the photovoltaic response is
measured under dark and illumination conditions. It should be noted that bias and
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collection contact layer are still electrically isolated from each other, and therefore, the
ICBS configuration is still under assumption.
The effect of gate voltage is shown in Figure 3.33, which represents the J-V
characteristics of solar cells under different externally applied positive and reverse bias
voltages between -800 mV to +800 mV. A significant difference in the measured current
density and voltage with the forward gate voltage compared to the reverse is noticeable.

Figure 3.33 J-V measurements under illumination, when (a) reverse voltage is and (b)
forward voltage is applied to the bias contact layer. A slight increase in Voc is
observed mostly because of widened depletion region width and reduced reverse
saturation current density. Also, it shows a significant increase in the total measured
current, mostly due to the fact that the bias contact layer is operating in the forward
region.

The fabricated ICBS solar cells display a wide range of variations in their
characteristics with change in externally applied gate voltage. Under reverse applied
voltages, the increase in external electrical field due to applied voltage results in a built-in
potential (Vbi) increase at the collector junction. Therefore, the depletion region becomes
wider with increased Vbi.
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Figure 3.34 shows the statistical analysis of the changes in Voc and Jsc under
different applied voltages to the bias contact layer for the best performing solar cells.
Under reverse applied voltages, Voc slightly increases from 312 mV to 320 mV and Jsc
slightly decreases from 0.09 mA/cm2 to 0.08 mA/cm2 with change in applied voltage
from 0 mV to -800 mV. The increase in Voc is due to decrease in reverse saturation
current caused by a wider depletion region. On the other hand, recombination of
thermally generated electrons, drifted away from the gate junction, and holes at the
collector junction leads to a small decrease in total measured short-circuit current density.

Figure 3.34 Statistical analysis of changes in (a) Jsc and (b) Voc under different
applied voltages to the bias contact layer.

A significant boost in both characteristic parameters is observed under positive
applied voltages, in which Jsc increases from 0.09 mA/cm2 to 38 mA/cm2, and Voc
increases from 312 mV to 602 mV under applied voltages of 0 mV and +800 mV. Under
forward applied voltages, a large number of holes are drifted away toward the collector
junction, due to bias contact layer operating in the forward-bias region, and this leads to
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an increase in total measured current. The total short-circuit current density probed at the
collector contact can be estimated using:
𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑝ℎ + 𝐽𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

(3.12)

where Jtotal is the total measured current density, Jph is the photo-current density
generated at the collection contact, and Jinjection is the current density at the bias contact.
The relative changes in Jsc and Voc can be seen in Figure 3.34, in which significant
increase in current and voltage under forward applied voltages is observed.
In order to increase the effect of photo-generated current collected at the collector
contact, a 60 nm insulating layer of Al2O3 was grown using atomic layer deposition
(ALD) technique between the gate metal contact and the semiconductor in the form of a
metal-insulator-semiconductor (MIS) structure, as shown in Figure 3.35.

Figure 3.35 J-V characteristics of M-I-S ICBS structure with 60 nm ALD-grown
Al2O3 thin films. The increase in the applied voltage to the bias contact layer leads to
slight increase in both Voc and Jsc. However, the thick Al2O3 film may reduce the band
bending under the bias contact layer, and potentially inhibit a significant improvement
in the photovoltaic response of these devices.
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The electrical characterization results show that under reverse applied voltages,
there is a slight increase in both Voc and Jsc due to widened depletion region and smaller
reverse saturation current density, Figure 3.36. However, the thick Al2O3 interlayer
reduces the band bending under the bias contact layer, and therefore, no significant
improvement in photovoltaic properties of these solar cells under either reverse or
forward gate voltage could be observed.
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4. FIELD-EFFECT PASSIVATION OF GAAS-BASED ICBS SOLAR CELLS

4.1. INTRODUCTION TO SURFACE PASSIVATION
Most of the high-efficiency solar cells are currently based on p-n junction rather
than Schottky junction structure. A record-high power conversion efficiency of 18.5% is
measured for a single junction graphene/n-GaAs Schottky solar cell, which is noticeably
lower than the 27.6% observed for the state-of-the-art GaAs p-n junction solar cell under
the one-sun illumination condition [80], [81]. This can be explained based on thermionicfield emission theory, where a relatively large reverse saturation current density is
observed in metal-semiconductor Schottky junction solar cells compared to p-n junction
solar cells, mostly due to the lower Schottky barrier height, narrower depletion region
width, and larger density of surface states [82], [83]. A higher recombination rate of
charge carriers at the surface of the semiconductor or at the interface of the metalsemiconductor junction results in an increase in reverse saturation current density, which
subsequently further lowers the Schottky barrier height in these devices [84]. On the
other hand, application of the Schottky junction eliminates the need for highly doped
wide bandgap semiconductors in the solar cell structure, which can reduce the density of
defects that can act as recombination centers [85]. Moreover, the cost-effectiveness of the
fabrication process makes the Schottky junction solar cells potentially useful in largescale photovoltaic device fabrication [86].
Surface passivation has been shown to be effective in reducing the recombination
velocity and improving the photovoltaic properties of solar cells [87]. In this approach,
growth of a suitable dielectric material passivates the dangling bonds existing at the
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surface of the semiconductor. This reduces the density of surface states by minimizing
the interface trap density, resulting in a lowered surface recombination rate and reverse
saturation current density [88].
Among different dielectric materials used for passivation purposes, Al2O3 and
ZnO have been widely investigated due to their high-k dielectric constant and ability for
high-quality thin-film growth using the atomic layer deposition (ALD) technique [84],
[89], [90]. In addition to its passivating properties, Al2O3 can act as an electronblock/hole-transport layer to decrease the recombination velocity at the interface of the
metal-semiconductor in a Schottky junction solar cell [91]. This is mainly due to the large
bandgap of Al2O3 and positioning of the conduction and valence bands. ZnO has also
been shown to suppress the growth of the low-k interfacial layer in a metalsemiconductor Schottky junction by increasing the equivalent dielectric constant of the
passivation layer [92].
Field-effect passivation has been introduced as an advancement of the typical
surface passivation technique used in the solar cells. In this technique, injection or
implementation of a large density of positive or negative fixed charges to the dielectric
passivation layer leads to formation of an electric field to repel the photo-generated
charge carriers from recombining at the surface of the semiconductor [93], [94]. In other
words, an electric field is created at the surface of the semiconductor due to a large
density of fixed charges that exist at the top surface (within top 2~3 nm) of the dielectric
passivation layer [95]. As a result of this, the concentration of charge carriers close to the
surface of the semiconductor and the reverse saturation current density in the solar cell
are reduced [96].
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Al2O3 with a negative fixed charge density of around 1.0×1012 cm-2 has been
widely used as a suitable material for field-effect surface passivation of semiconductors
[95], [97], [98]. Theoretical studies based on density functional theory and hybrid
functionals suggest that, on one hand, Al vacancies (VAl), Al interstitials (Ali), oxygen
interstitials (Oi), and oxygen dangling bonds (DBO) can act as fixed charge centers in
Al2O3 thin films grown using the thermal ALD technique [99], [100], [101]. On the other
hand, oxygen vacancies (VO) and Al dangling bonds (DBAl) were shown to form charge
traps that can act as recombination centers, which will increase the surface recombination
rate and reverse saturation current density [99]. Stacked double-layer Al2O3 /ZnO thin
film grown using the ALD technique was shown to be an effective field-effect
passivation material for reducing the surface recombination velocity and increasing the
carrier lifetime [102]. In this structure, ZnO was shown to reduce the density of charge
traps by passivating the As dangling bonds existing on the surface of GaAs [103].
Additionally, the ZnO interlayer can increase the density of the negative fixed charges by
formation of the acceptor-like defects, such as Zn vacancies (VZn), oxygen interstitials
(Oi), and oxygen antisites (OZn) [95]. In this section, the field-effect passivation is used to
improve the photovoltaic performance of metal/n-GaAs Schottky junction solar cells.
Al2O3 and Al2O3/ZnO stacks grown using thermal ALD are used as the passivating layer
on n-GaAs to reduce the leakage current by suppressing the recombination of photogenerated minority carriers. The I-V measurements demonstrate the effectiveness of the
field-effect passivation to decrease the reverse saturation current and increase the shortcircuit current and open-circuit voltage of the Schottky junction solar cells.
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4.2. PROCESS DEVELOPMENT AND OPTIMIZATION
The schematic of the processing steps for fabrication of the Schottky junction
solar cells is shown in Figure 4.1.a. Silicon-doped n-type GaAs wafers with carrier
concentrations of 6×1016~7×1017 cm-3, thickness of 400 µm, and average etch pit density
(EPD) of 5000 cm-2 were purchased from AXT Inc. The samples were first cleaned with
acetone and methanol to remove any organic contaminants and subsequently etched in
HCl solution for 60 s to remove the native oxide from the top surface of the n-GaAs
[104]. A mesa layer was patterned using conventional UV photolithography techniques
and etched in H3PO4:H2O2:H2O (3:1:40 vol.) solution for 120 s at room temperature to
create an etch step of 200 nm.
Ohmic contact consisted of a multilayer of Ni/AuGe/Ni/Au (5/100/35/50 nm) and
was deposited using the electron-beam evaporation technique at a chamber pressure of
2×10-6 Torr [105]. The samples were then annealed using the MILA-5000 rapid thermal
annealing system in a forming gas environment (95% N2 + 5% H2) at a temperature of
440 ℃ for 90 s. Transmission line method (TLM) was used to characterize the electrical
properties of the ohmic contact, in which a series of metal-semiconductor junctions were
created at various distances relative to each other, and the resistance between each pair of
contact is measured by applying external bias voltage to the contacts and measuring the
current [106]. The total measured resistance can be plotted versus distance in order to
calculate sheet resistance and contact resistivity values. Accordingly, the sheet resistance
and contact resistivity were calculated to be 0.13-0.41 Ω/□ and 3-5×10-3 Ω.cm2,
respectively. Following that, the Schottky collection contact (Ag 5 nm) with equivalent
area of 11 mm2 and its probing pad (Ni/Au 5/100 nm) were similarly fabricated. A
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chemical pre-treatment step was added prior to Schottky collection metal contact
deposition that included a 5 s etch in H2SO4:H2O2:H2O (1:1:50 vol.) and HCl solutions in
order to remove the native oxide layer on the surface of the GaAs and prepare the sample
for contact deposition. The cross-section of the final device structure in shown in Figure
4.1.b. A more detailed description of the fabrication process of the metal/n-GaAs
Schottky junction solar cells can be found elsewhere [107], [108].
Two different materials were grown using the ALD technique to investigate their
suitability as the passivation layer for the Schottky junction solar cells: I) Al2O3 with
trimethylaluminum (TMA) as the metalorganic precursor and II) ZnO with diethylzinc
(DEZn) as the precursor. In both growth processes, DI water (DI H2O) was used as the
oxidizer precursor. These thin films were grown using the GemStar XT thermal ALD
system at a substrate temperature of 200 ̊C and base pressure of ~50 mTorr, using high
purity nitrogen (99.9999%) as the carrier gas with a flow rate of 40 sccm. Table 4.1
shows a summary of both growth processes, including the pulse and purge times for each
precursor. Ex-situ spectroscopic ellipsometry measurements were performed using a
J.A.Woollam ellipsometer at an incident angle of 75 ̊ in order to measure the thickness
and other optical properties of the grown films.
The measurement data were fitted to the Cody-Lorentz optical model, which has
been shown to be suitable for amorphous materials [109], [110]. Also, the model of the
thin films grown on the substrate consisted of a thick (bulk) GaAs substrate without any
native oxide (assumed to be removed by HCl and H2SO4 wet etching), and subsequently,
the passivation layer (single-layer Al2O3 or double-layer Al2O3/ZnO) deposited on it. The
growth rate per cycle (GPC) for each material was calculated by measuring the total
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thickness of the grown thin films and dividing it to the total number of cycles. A GPC
rate of 1.80 and 1.16 Å/Cycle were observed for ZnO and Al2O3, accordingly, which is
comparable to similar works [111], [112], [113].

Figure 4.1 Process for fabrication of n-GaAs Schottky solar cells to investigate the
effect of field-effect passivation. (a) schematic structure, (b) cross section of the final
device structure.
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Table 4.1 Summary of the parameters for ALD growth of Al2O3 and ZnO.
Material

Al2O3

ZnO

Precursor

Pulse Time (ms) Purge Time (s)

TMA

20

H2 O

20

DEZn

200

H2 O

200

Growth Rate Per Cycle
(Å/Cycle)
1.16

6
1.80

Two different structures for the passivation layer were studied for this paper and
their effect in improving the photovoltaic properties of the metal/n-GaAs Schottky solar
cells was investigated. The first structure is based on a 20 nm Al2O3 layer. The second
structure is based on a stacked double-layer Al2O3/ZnO (18/2 nm) configuration, where a
2~3 nm ZnO layer is grown the n-GaAs substrate, followed by growth of the 18 nm
Al2O3 top layer. It is expected that the ZnO not only improves the chemical passivation
on the surface of n-GaAs, but also introduces additional negative fixed charges to
improve the field-effect passivation properties of the proposed structure. Considering that
these negative fixed charges are distributed within the 2~3 nm from the surface, the ZnO
layer’s thickness has been fixed to be less than 3 nm [95]. It should be noted that the
passivation layer with the stacked double-layer Al2O3/ZnO structure was grown in a
back-to-back process without any exposure to atmospheric pressure or reduction in
substrate temperature between the ZnO and Al2O3 depositions.
High-resolution transmission electron microscopy (HRTEM) measurements were
performed using a FEI Tecnai 20 system, where the images were captured at room
temperature at an accelerating voltage of 200 kV. The near-interface structural
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characterization was done by means of X-ray photoelectron spectroscopy (XPS) using a
monochromatic Al-K X-ray source with energy of 1486.7 eV. In order to ensure that the
XPS data for both ZnO and Al2O3 layers are captured, the samples used for XPS had a
thinner Al2O3 layer thickness of around 3~4 nm, resulting in a total Al2O3/ZnO thickness
of 5~6 nm. The calibration process for this spectrum was performed using C 1s spectrum
at 284.8 eV as reference in order to correct for the charging [114]. Analysis of the
measurement results were performed using CasaXPS software.
The capacitance-voltage (C-V) measurements were taken on simplified structures
containing Al2O3 and Al2O3/ZnO on n-GaAs in order to characterize the effect of
negative fixed charges. The photovoltaic and diode-like properties of the complete
Schottky junction solar cells were characterized using current-voltage measurements,
which were performed under the dark and illumination conditions of 1-sun AM1.5 [115].
The J0 can be extracted from the dark I-V characteristics (not accounting for the photogenerated current) by determining the y-axis intercept at zero voltage and dividing it to
the active device area [116]. Photovoltaic properties of the Schottky solar cells can be
calculated from the I-V characteristics under 1-sun illumination condition.

4.3. RESULTS AND DISCUSSION
4.3.1. Microscopic Interface Characterization. Figure 4.2.a shows the HRTEM
images of the n-GaAs surface with the stacked Al2O3/ZnO passivation layer. A weak
polycrystalline-like structure for the ZnO interlayer and amorphous structure for the
Al2O3 layer were observed. An approximate thickness of 2~3 nm for ZnO and 18 nm for
the Al2O3 film was measured, confirming the ex-situ ellipsometry measurement results.
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Moreover, a smooth interface between the passivation layer and n-GaAs can be seen,
demonstrating the high quality of the ALD-grown thin films. Figure 4.2.b shows the Zn
2p XPS spectrum for the stacked Al2O3/ZnO layer on the n-GaAs, confirming the growth
of ultrathin ZnO films.

Figure 4.2 Elemental spectroscopy of passivation layer. (a) HRTEM images showing
the interface between n-GaAs and stacked Al2O3/ZnO passivation layer, and (b) XPS
measurement showing Zn 2p specta in the Al2O3/ZnO films.

The As 3d spectra obtained from the XPS measurement and shown in Figure 4.3
demonstrate an increase in the Ga-As peak (in GaAs) and a slight decrease As3+ peak (in

132
As2O3) after using the ZnO interlayer. These results can likely represent a reduction in
growth of low-k interfacial layers, such as As2O3, on the surface on GaAs [103], [117].

Figure 4.3 As 3d XPS spectra obtained from the ALD- Al2O3 and Al2O3/ZnO films
grown on GaAs substrate. Fitted peaks represent Ga-As and As3+ (inset).

4.3.2. Effect of ALD-Al2O3 Passivation Layer. The I-V characteristics of
metal/n-GaAs Schottky solar cells with and without the 20 nm Al2O3 surface passivating
layer are shown in Figure 4.4. These measurements were performed under dark condition
to extract the diode-like properties, shown in Figure 4.4.a, and under 1-sun illumination
condition to account for the photovoltaic response from these devices, shown in Figure
4.4.b. The deduced diode-like properties, as shown in Table 4.2, show a reduction in the
reverse saturation current density from 9.0×10-9 to 4.5×10-11 A/cm2 and an increase in
shunt resistance (Rshunt) from 8.1 to 10.5 kΩ. This could be attributed to a reduction in
leakage current due to the higher equivalent capacitance between the metallic contacts
caused by the Al2O3 dielectric thin film. The photovoltaic properties of the Schottky
junction solar cells show improvement in Voc from 173 to 208 mV and from 770 to 907
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meV after passivating with ALD-Al2O3. Moreover, surface passivation has led to a 51%
increase in total generated power from 7.26 to 11.51 W. These facts can be explained by
a reduction in density of surface states, and consequently, reduction in the recombination
velocity of minority carriers upon the passivation process.
A summary of the extracted parameters for the photovoltaic and diode-like
properties of metal/n-GaAs Schottky solar cells is shown in Table 4.2. A slight
improvement in Isc is observed after Al2O3passivation, where it increases from 120 to 123
µA. This could be attributed to reduction in recombination velocity of photo-generated
charge carriers, especially close to the current collection contacts, which leads to
improvement in the photo-generated current.

Figure 4.4 I-V characterization showing the effect of a 20 nm ALD- Al2O3 passivation
layer on properties of metal/n-GaAs Schottky solar cells. (a) I-V measurement under
dark condition, and (b) I-V measurement under 1-sun illumination condition.

4.3.3. Effect of ALD-Al2O3/ZnO Passivation Layer. The effect of a 2~3 nm
ZnO interlayer in improving the properties of the passivation layer can be understood
using the characterization results shown in Figure 4.5. The C-V characteristics of the

134
devices measured at a frequency of 100 kHz, Figure 4.5.a, show existence of a strong
inversion capacitance at the negative voltages. This could be due to the processing steps,
where chemical treatment prior to deposition of the passivation layer would lead to
submicron surface inversion of n-GaAs [118], [119]. Nonetheless, a higher capacitance in
both positive and negative voltages for the stacked passivation layer with the ZnO
interlayer is observed compared to the Al2O3 structure. Also, the C-V measurements show
that the capacitance in both voltage ranges increase without reaching to a saturation point,
which is likely due to existence of a leakage current. The ellipsometry measurement,
shown in Figure 4.5.b, also shows the stacked passivation layer with a higher permittivity
compared to the Al2O3 structure.
A flat-band voltage shift in the positive voltage range was observed in the
Al2O3/ZnO compared to the Al2O3 structure. This decrease in the flat-band voltage
indicates an increase in the density of the negative fixed charges in the Al2O3/ZnO
passivation structure, which can be described as

N fix 

SBH − V fb Cox
q

A

(4.1)

where 𝜙𝑆𝐵𝐻 is the Schottky barrier height, Vfb is the flat-band voltage, Cox is the oxide
capacitance, and A is the Schottky contact area [120].
The effect of fixed charges at the dielectric passivation layer plays an important
role in reducing the recombination of the charge carriers at the surface of semiconductor.
The increase in density of fixed charges, which is caused by the ZnO interlayer, leads to
formation of a stronger electric field gradient that repels the charge carriers from nearing
the surface of the semiconductor and being trapped [93].
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Figure 4.5 Dielectric properties of the proposed passivation layer. (a) C-V
characteristics measured at 100 kHz and (b) ellipsometry measurements showing a
higher capacitance and equivalent permittivity for the stacked Al2O3/ZnO layer
compared to the Al2O3 structure.

The effect of the ZnO interlayer on photovoltaic properties of the Schottky
junction solar cells is depicted in Figure 4.6, and the deduced diode-like and photovoltaic
parameters are shown in Table 4.2. Increases in Voc from 208 to 398 mV, Isc from 123 to
148 µA, and efficiency from 0.8% to 2.5% are observed for the stacked Al2O3/ZnO layer
compared to the Al2O3. Further improvement in the efficiency of our devices is expected
by using an anti-reflection coating layer to reduce solar reflection from the top metal
contact and optimizing the device structure by adding window and electron/hole blocking
layers [121], [122]. Moreover, a significant reduction in the J0 from 4.5×10-11 to 1.0×1013

A/cm2 is observed, indicating the improved passivating properties of the proposed

stacked Al2O3/ZnO layer. This can be attributed to induction of additional negative fixed
charges and reduction in growth of the As-related oxide layers by using the ultrathin ZnO
interlayer. In other words, it would further decrease the concentration of minority carriers
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at the surface of the semiconductor, reduce the overall recombination velocity, and
consequently improves the overall photovoltaic properties of the solar cells.

Figure 4.6 I-V measurements for the passivated metal/n-GaAs ICBS solar cells with
only Al2O3 passivation layer and stacked Al2O3/ZnO passivation layer.

Table 4.2. Extracted diode-like and photovoltaic parameters of the metal/n-GaAs
Schottky solar cells without and with the two passivation structures.

Not
Passivated
Al2O3
Passivated
Al2O3/ZnO
Passivated

Voc

Isc

SBH

FF

Rshunt

J0

Pmax

PCE

(mV)

(µA)

(meV)

(%)

(kΩ)

(A/cm2)

(µW)

(%)

173

120

769.7

35.0

8.1

9.0×10-9

7.3

0.5

208

123

907.5

45.0

10.5

4.5×10-11

11.5

0.8

398

148

1066.0

65.0

58.8

1.0×10-13

38.2

2.5
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5. FABRICATION & CHARACTERIZATION OF ALGAAS SOLAR CELLS

5.1. INTRODUCTION TO MULTI-JUNCTION SOLAR CELLS
As discussed in the previous sections, the major objective of this work is to first
propose a technique to improve the photovoltaic properties of Schottky junction solar
cells. This has been achieved by using the ICBS structure, where existence of a secondary
bias contact layer isolated from the current collecting contact, has shown to improve the
photovoltaic response of the solar cells. This improvement in the photovoltaic response is
due to eliminating the reduction of Schottky barrier height underneath the bias contact
layer if the barrier height decreases under collection contact layer.
Another objective of this work is to design and fabricate dual-junction solar cells
based on the proposed ICBS structure. It has been shown the multi-junction solar cells
can achieve higher power conversion efficiency than single junction solar cells due to
existence of different sub-cells absorbing the solar spectrum at different bandgap energies
[123]. Improved power conversion efficiency of more than 30% has been documented in
multi-junction solar cells based on compound semiconductors, such as III-Vs and II-VIs
[124]. A record high efficiency of 40.4% has been achieved for a triple junction
InAlAs/InGaAsP/InGaAs with bandgap energies of 1.93/1.39/0.94 eV. In this structure,
each sub-cell absorbs the solar spectrum at a distinct wavelength range corresponding to
the bandgap of that sub-cell. This results into improved photovoltaic response of this
tandem structure in comparison to a single junction structure. Electrical characterization
results show an open-circuit voltage of 3.1 eV, short-circuit current density of 13.06
mA/cm2, and fill factor of 92.02% has been achieved [125].
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Moreover, PCE of 35.9% for a dual- and triple-junction III-V based solar cells has
been achieved for a (GaInP/)GaAs//Si tandem structure under standard illumination
condition of AM1.5g, in which top and bottom cells are mechanically stacked on each
other and operated independently [126].
Multi-junction structure of solar cells was theoretically considered when the subcells are operating at the radiative limit at the optimal band energies, to ascertain the
maximum theoretical power conversion efficiency for structures with different number of
junctions, as show in Table 5.1 [127]. For example, for a dual-junction structure, a top
cell operating at 1.8 eV and a bottom cell operating at around 1 eV would result into
maximum theoretical power conversion energy of 42%.

Table 5.1 Optimal bandgaps for multi-junction structures with n sub-cells [127]
n

PCE (%)

Eg1 (eV)

Eg2 (eV)

Eg3 (eV)

Eg4 (eV)

1

30

1.3

-

-

-

2

42

1.8

1.0

-

-

3

49

2.3

1.4

0.8

-

4

53

2.6

1.8

1.2

1.8

Following in this section, experimental works in designing, fabricating, and
characterizing dual-junction solar cell based on the ICBS structure with the top cell with
bandgap energy of 1.8 eV are explained. Incorporation of Al can tune the bandgap energy
of AlGaAs from 1.4 eV for GaAs (direct) to 2.2 eV for AlAs (indirect). Therefore,
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AlGaAs with the optimized Al content level ca be used to achieve the optimal bandgap of
1.8 eV. The results of high-resolution x-ray characterization of these MOCVD-grown
AlGaAs layers show a good crystal quality to fabricate the ICBS solar cells. Moreover,
the electrical and optical measurement results of the fabricated ICBS solar cells show
existence of a photovoltaic response in the AlGaAs based ICBS solar cells, where most
of the photons are absorbed within the AlGaAs active layer.

5.2. ALGAAS-BASED SCHOTTKY JUNCTION STRUCTURES
The creation of Schottky rectifying junction on AlGaAs has been widely reported
in literature. In [128], changes in Schottky barrier height of Al/n-AlxGa1-xAs junction
with different Al compositions are examined, in which it has changed from 660 meV for
x=0 to 1113 meV for x=1, accordingly. It has also been shown in [129] that thermal
annealing of Al/Al0.3Ga0.7As Schottky structure grown using molecular beam epitaxy
(MBE) does not affect the absolute value of the barrier height.
Also, AlGaAs-based Schottky diodes in have been widely investigated for their
hydrogen sensing properties. Y. Y. Tsai have used a Pd/oxide/Al0.3Ga0.7As metal-oxidesemiconductor (MOS) structure for hydrogen detection purposes [130]. It has been shown
that hydrogen atoms are absorbed on the surface of the Pd metal contact and the metalinsulator interface, leading to creation of a dipole layer. This dipole layer leads to change
in the electrostatic balance of the MOS interface, and consequently, change in the
Schottky barrier height. Figure 5.2 shows the measured current-voltage characteristics of
Pd/AlGaAs MOS structure at 70 ℃ under air and other concentration levels of hydrogen.
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Figure 5.1 Schotty barrier height of Al/n-AlxGa1-xAs and Al/p-AlxGa1-xAs junctions
measured using internal photoemission (IPE) and capacitance-voltage measurements.
The barrier height for the Al/n-AlxGa1-xAs changes from 660 meV for x=0 (GaAs) to
1113 meV for x=1 (AlAs) [128].

Figure 5.2 Electrical characterization of Pd/AlGaAs MOS structure for detection
of hydrogen at 70 ℃ and under different concentration levels of hydrogen; (a) I-V
characteristics, and (b) variation of detection sensitivity at different hydrogen
concentration levels at different temperatures [130].
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Schottky junction solar cells based on Au/AlGaAs/GaAs double-heterostructure
with AlGaAs as GaAs as active absorbing layer are fabricated in [131]. It has been shown
that the AlGaAs layer with a thickness smaller than the depletion region can act as
window layer without absorbing the solar spectrum and facilitate the transportation of
charge carriers to the collection contacts. Figure 5.3 shows the measured I-V
characteristics of AlGaAs/GaAs Schottky solar cells with two different thicknesses of
AlGaAs. A thick AlGaAs layer of 700 nm, which is larger than the depletion region
width (~400 nm), prevents the charge carriers to move across the junction and contribute
to the photovoltaic response. On the other hand, a 45 nm-thick AlGaAs, which is smaller
than the depletion region width, has led to generation of significantly higher photocurrent
compared to the 700 nm-thick AlGaAs layer. However, the effect of AlGaAs layer itself
in photo-current generation in these solar cells has not been addressed in this work.

Figure 5.3 I-V characteristics of AlGaAs/GaAs Schottky solar cells with two
thicknesses of AlGaAs layer. A (a) thick AlGaAs layer ~700 nm larger than the
depletion region width (400 nm) blocks the charge carrier to move across the
junction, (b) but a 45 nm thick AlGaAs layer smaller than the depletion region width
can act as window layer in the solar cells structure [131].
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5.3. GROWTH OF ALGAAS/GAAS HETEROJUNCTION STRUCTURES
An n-doped Al0.3Ga0.7As layer with carrier concentration of 5-10×1015 cm-3 and
thickness of 300 nm was grown using Molecular Beam Epitaxy (MBE) technique on a
n+-doped GaAs substrate with n-doped GaAs (1×1017 cm-3) buffer/smoothing and
capping layers with thicknesses of 200 nm and 10 nm, accordingly. Figure 5.4 shows the
schematic structure of the AlGaAs/GaAs heterojunction structure along with the
representative energy band structure, simulated using BandProf software. The AlGaAs
layer thickness has been optimized in order to absorb most of the solar spectrum within
the layer and will be used as the active layer in the ICBS structure.

Figure 5.4 MBE-grown AlGaAs/GaAs heterojunction structure. (a) Schematic sideview structure, where the Al0.3Ga0.7As layer with carrier concentration between 5 to
10×1016 cm-3 will be used as the active light-absorbing layer. The thickness of this
layer is optimized so that most of the photons with the suitable energy levels to be
absorbed within the AlGaAs layer, (b) representative energy band structure of the
heterojunction structure.

The crystalline quality of AlGaAs/GaAs structure was evaluated and compared to
a reference GaAs wafer using high-resolution x-ray diffraction (HRXRD) measurement,
obtained from Panalytical X’Pert MRD equipment. (200), (400), and (600) peaks were
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observed in the AlGaAs/GaAs and GaAs structures as per the 2θ-ω scans that confirm
their zinc blende structure, Figure 5.5 (a). No secondary phase was observed or
introduced upon incorporation of aluminum.
As seen in Figure 5.5 (b), a reference bare GaAs substrate only showed the GaAs
(400) peak, while the AlGaAs/GaAs heterostructure showed two peaks corresponding to
AlGaAs epitaxial layers and GaAs substrate, wherein the incorporation of aluminum
slightly modified the lattice parameters and resulted in a peak shift with respect to the
GaAs (400) peak. FWHM (β (2θ)) of 30-210 arcsec and 63-155 arcsec were observed for
the AlGaAs and GaAs peaks, respectively, as shown in Table 5.2. which confirm a good
crystal quality of the grown material. The AlGaAs/GaAs peaks are slightly broader than
the bare GaAs wafer due to lattice mismatch and related defects.

Figure 5.5 HRXRD 2θ-ω scans of AlGaAs/GaAs heterostructure and GaAs wafer.
(200) (400) and (600) peaks are shown in (a), which confirms their zincblende
structure and also shows existence of no secondary phase, (b) high resolution 2θ-ω
scan of (400) peak showing existence of a second peak corresponding to the
Al0.3Ga0.7As layer. FHWHs of these peaks demonstrate a relatively good crystal
quality of the grown thin films which can be used for device fabrication.
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Table 5.2 AlGaAs/GaAs heterojunction structure and reference GaAs wafer crystal
parameters obtained using HRXRD.
AlGaAs/GaAs
Peaks

*

AlGaAs

**

GaAs Wafer

GaAs

2θ (°)

31.61

31.63

31.64

β (arcsec)

77.00

149.00

47.00

2θ (°)

66.01

66.07

66.07

β (arcsec)

86.00

63.00

57.00

2θ (°)

109.59

109.71

109.69

β (arcsec)

209.00

155.00

154.00

(200)

(400)

(600)

* and ** are peaks shown in Figure 5.5

As mentioned previously, an AlGaAs layer with band gap energy of 1.8 eV is
theoretically optimum for the top junction material in a dual-junction solar cell. The
AlxGa1-xAs thin films with Al content level equivalent to x = 0.3 shows a bandgap of 1.8
eV [132]. Figure 5.6 shows linear variation of lattice constant with x in AlxGa1-xAs
compound semiconductor, in which the calculated lattice constant varies from a = 5.6536
Å for x = 0 (GaAs) to 5.6617 Å for x = 1 (AlAs) using [133]:
a(x) = 5.6536 + (0.921 – 0.112.x).10-2.x Å

(5.1)

where x is the Al content level varying between 0 to 1. The lattice constant of the
AlGaAs layer in AlGaAs/GaAs heterostructure is calculated to be 5.6563Å, which
confirms Al content level equivalent to x = 0.3 (Al0.3Ga0.7As).
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Figure 5.6 Lattice constant of the AlxGa1-xAs versus Al content (x). The starred point
shows the measured lattice contact for the MBE-grown AlGaAs layer, which fits well
with other works in [133].

5.4. PROCESS DEVELOPMENT AND OPTIMIZATION
The 2” AlGaAs wafers were cut into smaller pieces for fabrication of 3×3 mm2
ICBS solar cells. These pieces were first cleaned by acetone and methanol in order to
remove organic contaminations, and then dipped into diluted Piranha solution
H2SO4:H2O2:H2O 1:1:20 for 7 seconds to remove the GaAs capping layer. Subsequently,
the samples were patterned for the mesa etch layer and etched in the same Piranha
solution to create an etch step, measured at ~170 nm in order to create a quasi-vertical
structure.
Ohmic, bias, collection, and bias contact pad layers are subsequently deposited
using a similar technique to GaAs-based ICBS solar cells, described in the previous
section. A pre-treatment step is added before both bias and collection contact deposition
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that includes a 5 seconds etching in diluted Piranha solution H2SO4:H2O2:H2O 1:1:50 and
HCL:H2O 1:1 to remove any native oxide layer on AlGaAs surface and also prepare the
samples for contact deposition.

Figure 5.7 Proposed AlGaAs-based ICBS solar cells. (a) Schematic side-view
structure. In this quasi-vertical structure, ohmic, bias, and collection contact layers are
all fabricated on AlGaAs layer, and therefore, it is expected to absorb the photons with
energy above 1.8 eV, and (b) representative energy band structure of the ICBS solar
cell structure, assuming formation of a Schottky barrier height equivalent to 0.9 eV.

The overall structure of the fabricated devices is shown in Figure 5.7, in which the
device is fully based on Al0.3Ga0.7As active layer, and therefore, it is expected that most
of the photovoltaic response to be generated from this layer. It also shows its
representative energy band structure, assuming a Schottky barrier height of 0.9 eV.

5.5. ELECTRICAL & OPTICAL CHARACTERIZATION
In this section, the results of different electrical measurements on the AlGaAsbased ICBS solar cells are explained. The current-voltage measurements were performed
under dark and standard illumination condition of 100 mW/cm2 AM1.5g. Moreover, the
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EQE measurements were performed using QEX10 system, which is calibrated based on
National Institute of Science and Technology (NIST) standards.

Figure 5.8 I-V characteristics of AlGaAs-based ICBS solar cells made with two
different bias contact materials. (a) A higher Isc and Voc and (b) lower reverse
saturation current can be observed for Ag/AlGaAs solar cells compared to Au/AlGaAs
devices.

Figure 5.8 shows a representative I-V characteristic of the best performing
AlGaAs-based ICBS solar cells fabricated with two different bias contact materials, in
order to examine the best material for achieving the maximum photo-generated response.
Moreover, the photovoltaic characteristic properties of fabricated AlGaAs-based ICBS
junction solar cells are extracted and shown in Table 5.3. A larger Schottky barrier height
of 869 meV is observed in Ag/AlGaAs devices compared to 767 meV in Au/AlGaAs
solar cells, even though Au has a lager work function (~5.1 eV) compared to that of Ag
(~4.6 eV).
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This can be explained based on the interface chemistry happening during metalsemiconductor Schottky junction formation, in which it can change from an inert, abrupt,
and homogenous junction to a reactive, non-abrupt, and non-homogenous one. It has
been shown in [134], [135] that Ag can create a non-reactive, abrupt, and homogenous
Schottky junction to GaAs, whereas Au can chemically react with GaAs and out-diffuse
Ga, and As from the interface, which can potentially result into a non-abrupt and
inhomogeneous Schottky junction.

Table 5.3 J-V characteristics of Al0.3Ga0.7As-based ICBS solar cells with Au and Ag
bias layer.
FF
(%)

J0
𝜙𝑆𝐵𝐻
(meV) (µA/cm2)

Rs
(Ω)

Rsh
(kΩ)

Bias Layer

Voc
(mV)

Jsc
(mA/cm2)

Au

246.23

0.68

57.53 702.07

1.82

1.61 4.53 30.89

Ag

397.45

0.73

61.79 897.87

0.001

1.90 5.32 74.95

n

The effect of interface chemistry in photovoltaic and diode-like properties of
Ag/AlGaAs and Au/AlGaAs Schottky solar cells can also be seen by comparing the
reverse saturation current densities. The reactive and non-abrupt barrier at Au/AlGaAs
could results into increased density of surface states at the interface that can act as
recombination centers for photo-generated electrons and holes. Moreover, the
inhomogeneous Schottky barrier height at these devices contribute to increased tunneling
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of the photo-generated carriers in the reverse direction and degraded photovoltaic
response. However, the abrupt and homogenous junction interface for Ag/AlGaAs solar
cells leads to a reduced J0 from 0.09 to 0.002 µA/cm2 and improved Voc from 282 to 658
mV, accordingly.
External quantum efficiency (EQE) measurements of the ICBS solar cells are
shown Figure 5.9. Most of photon absorption happen below the wavelength of 680 nm
(1.8 eV), corresponding to the band edge of Al0.3Ga0.7As. Also, it shows the photocurrent generation is entirely based on electron-hole separation within the Al0.3Ga0.7As
active layer, and the underlying GaAs buffer layer has no role in it. This can be
confirmed by considering the depletion region width at metal-semiconductor interface.
The width of the depletion in these Schottky solar cells at zero bias voltage are estimated
to be around 120 nm which is extended entirely within the Al0.3Ga0.7As layer.
Short-circuit current density of the solar cells can be calculated from the EQE
spectrum. A relatively higher value of 0.90 mA/cm2 has been calculated for Ag/AlGaAs
compared to that of 0.77 mA/cm2 for Au/AlGaAs solar cells. However, due to large
levels of surface recombination, reflection of solar spectrum from the top surface of solar
cells, and leakage current contributing to increased reverse saturation current, the
calculated Jsc is relatively lower than theoretical values [136].
It is expected that Jsc gets improved by using an insulating passivation layer on
top surface of the ICBS solar cells, as discussed similarly for GaAs-based ICBS solar
cells, in order to reduce recombination of carriers and the shunt leakage between metallic
contacts. Also, using an anti-reflection coating layer helps for reducing the reflection of
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solar spectrum from the top surface of the solar cells and improving the photon collection
efficiency in the AlGaAs layer.

Figure 5.9 EQE measurements of AlGaAs-based ICBS solar cells. The cells are made
using two different bias contact layer materials. The results show a relatively higher
EQE for ICBS solar cells made with Ag-bias compared to Au-bias, mostly due to
existence of non-reactive and abrupt metal-semiconductor interface. Moreover, most
of photon absorption happens below 680 nm, showing photo-generation entirely based
on AlGaAs active layer.
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6. GROWTH & CHARACTERIZATION OF ALD-(ZN,MN)O THIN FILMS

6.1. INTRODUCTION GROWTH OF ZNO-BASED COMPOUNDS
A major overall objective of this work is to develop the ICBS structure for use in
multi-junction solar cells, where it can be used as the wide-band top and middle sub-cells.
As discussed in the previous sections of this dissertation, in order to achieve the
maximum theoretical power conversion efficiency, different sub-cells with optimized
bandgap energies are used in a multi-junction structure. For example, to achieve a power
conversion efficiency of 42% in a dual-junction solar cell, a top cell with bandgap of 1.8
eV and bottom cell with bandgap of about 1 eV (such as Si) is used [137].
Therefore, ICBS solar cells using AlGaAs with bandgap energy of 1.8 eV were
designed and fabricated, as explained in detail in Section 5. The electrical and optical
characterization showed existence of a photovoltaic response, where Schottky barrier
height as high as 900 meV was achieved for these solar cells.
On the other hand, AlGaAs has shown to be oxidized to elemental components
and Ga2O3 after being exposed in air or other ambient environments [138], [139]. This
can potentially cause serious degradation in the ICBS solar cells, since the active light
absorbing layer is at the top surface of semiconductor, and an oxidized layer can act as an
unwanted barrier for charge carrier transport.
In other words, existence of an oxide layer, with unknown thickness, can reduce
the light absorption in these ICBS solar cells and therefore, reduce their effectiveness
after a period of operation in different ambient environments. Moreover, health and
safety aspects of these compounds have been controversial and always under review and
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investigation. For example, several governmental and non-governmental agencies, such
as International Agency for Research on Cancer (IARC) and the State of California has
designated GaAs as a carcinogen, i.e. a substance that promotes formation of different
forms of cancer [140], [141]. Thus, a large-scale fabrication of ICBS solar cells based on
GaAs or AlGaAs for use in the main-stream market may come with difficulties and
barriers in the production and distribution phase. A major track for future work in this
research would be investigating and identifying alternative semiconductor materials with
the bandgap of 1.8 eV and suitable for use in ICBS solar cells, in addition to its nontoxicity, and low rate of oxidation.
Zinc Oxide (ZnO), with bandgap energy of 3.4 eV, has been widely investigated
as an II-VI compound semiconductor with interesting electrical, optical, and magnetic
properties, which can make them suitable for use in different optoelectronic applications,
such as solar cells. Electrical and optical characterization of Al-, B-, and Ga-doped ZnO
grown using pulsed layer deposition (PLD) technique, shows a low resistivity of 2.5×10-4
Ω.cm , high electron mobility of 40 cm2/V.s, and high optical transmission of 80% for
visible solar spectrum, as shown in Figure 6.1 [142]. This makes ZnO as a suitable
material to be used as the wide-bandgap window layer in solar cell devices.
B. Hussain et al. have designed and fabricated a p-n heterojunction solar cell by
growing a 500 nm n-type ZnO on p-type Si substrate using MOCVD technique [143]. In
this work, ZnO is used as active n-type semiconductor layer, in addition to anti-reflection
coating layer to reduce the total reflection from the top surface of the solar cell.
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Figure 6.1 Electrical and optical characterization of the PLD-grown doped ZnO. (a)
carrier concentration, mobility, and resistivity versus dopant in the PLD target, (b)
optical transmission of the doped ZnO showing a high transparency in the visible solar
spectrum, making ZnO suitable for use in solar cells as the top window layer [142].

Figure 6.2 Absorption spectra showing the bandgap of ZnMnO with different Mn
contents. A lowered bandgap energy of ~2eV is observed for Zn0.95Mn0.05O [10].
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It has been shown in [144] and [145] that doping ZnO thin films with different
transition metal elements, such as Cd, Mn, and Co, results into changes in the bandgap
energy of the material. M. Godlweski et al have demonstrated a lowered bandgap energy
for Mn-doped ZnO grown using ALD and MOCVD techniques, using tris(2,4pentanedionato) manganese(III), Mn(acac)3, as the Mn precursor, and Zinc acetate,
Zn(CH3COO)2, as the Zn precursor [146]. Figure 6.2 shows the absorption spectra of the
ZnMnO grown using with different Mn content levels, where a bandgap energy of ~2 eV
is observed for the Zn0.95Mn0.05O.

6.2. PROCESS DEVELOPMENT AND OPTIMIZATION
ZnMnO thin films are deposited using GemStar XT thermal ALD system on ntype (100) silicon at varying growth conditions, including the growth temperature,
precursor pulsing and purging times, and Zn:Mn ratio. Diethyl zinc (DEZn) and
manganese (III) acetylacetonate (Mn(acac)3) are used as the metallic sources for zinc and
manganese, alongside DI H2O as the oxidizer. High-purity nitrogen (99.9999%) was
used as the carrier gas with a flow rate of 40 sccm and at the base chamber pressure of
~60 mTorr. DEZn and Mn(acac)3 were purchased from Strem Chemicals and used as the
sources for zinc and manganese, respectively, alongside DI H2O as the oxidizer. It has
been shown that the use of Mn(acac)3 does not lead to the formation of secondary foreign
MnO phases, such as MnO2 and Mn3O4, despite the commonly used tris (2, 4pentanedionato) manganese (III) (Mn(thd)3) precursor [147], [148]. Moreover, the use of
Mn(acac)3 reduces the ALD processing temperature to less than 200 ℃, which results in
more uniform and higher-quality ZnMnO thin films [149].
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Table 6.1 Summary of ALD growth parameters for ZnO and MnO thin films.
Parameter

Condition
Diethyl zinc

Bubbler (precursor) temperature

~25 ℃

Pulse time

100, 200, 400 ms

Purge time

4, 6, 28 s

Zinc

Manganese (III) acetylacetonate
Bubbler (precursor) temperature

92, 130, 160 ℃

Pulse time

1150, 2000, 3000, 4000 ms

Purge time

6, 28, 50 s

Manganese

Growth (substrate) temperature

200 ℃

Manifolds temperature

170 ℃

Chamber pressure

60 mTorr

Process gas flow rate

40 sccm

Post-growth annealing temperature

800 ℃

Figure 6.3 shows the schematics of the sequential growth of ZnMnO thin films,
where one supercycle includes N cycles of ZnO and M cycles of MnO monolayer growth.
The total thickness and the growth per-cycle (GPC) of the films are determined by ex-situ
spectroscopic measurements using a J.A. Woollam ellipsometer at an incident angle of
75° and a wavelength range of 300–1000 nm. Details regarding the designed model used
for fitting the experimental ellipsometry data can be found elsewhere [150]. The nearsurface compositional analysis of the samples was performed by means of X-ray
photoemission spectroscopy (XPS) using Al-K X-ray radiation source. The acquired
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spectra were analyzed using CasaXPS software and calibrated based on C 1s spectrum at
284.8 eV as the reference to remove the effect of charging [151].

Figure 6.3 Schematic diagram of sequences for ALD growth of ZnMnO. The blue line
represents the purging of the precursor after being pulsed into the ALD chamber.

Moreover, the effect of thermal annealing on the crystalline structure of the ALDgrown ZnMnO thin films is investigated, since either an amorphous or weak crystalline
structure for the as-grown ZnO has been reported [152]. The samples were annealed
using a MILA-5000 mini-lamp rapid thermal annealing system at a temperature of 800 ℃
for 1 hr in a nitrogen environment [153]. The crystalline structure of the annealed
ZnMnO thin films was investigated using high-resolution X-ray diffraction (XRD)
measurements with Cu K X-ray source (1.54056 Å). The room temperature
photoluminescence (PL) spectra was acquired using an Edinburgh Instruments FS5
system with an excitation wavelength of 325 nm. Surface morphology of the thin films
was studied using atomic force microscopy (AFM) measurements in imaging scans of 2
m × 2 m and was carried out by means of a Veeco Nanoscope AFM system.
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6.3. RESULTS AND DISCUSSION
6.3.1. Growth of ZnO Thin Films by ALD. Figure 6.4 shows the changes in
the GPC of ZnO films with variations in DEZn pulse time. A total of 315 cycles were
completed during the growth of each. Initial growth conditions included a DEZn and H2O
pulse of 100 ms and purge of 28 s at the growth temperature of 200 ℃. A significant
increase in the GPC from 0.68 to 1.50 Å/cycle was observed by increasing the DEZn
pulse time from 100 to 200 ms, as shown in Figure 6.4. This shows the existence of
unsaturated areas on the substrate surface in the case of shorter pulse times. In other
words, the existence of unreacted hydroxyl groups at the surface of the substrate results
in smaller growth rates [154]. However, increasing the pulse time from 200 to 400 ms
does not noticeably increase the GPC. This indicates that the surface of the substrate has
reached to a saturation in absorbing the DEZn precursor molecules.

Figure 6.4 Effect of change in DEZn pulse time on the GPC of ALD-ZnO films.
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It is also notable that decreasing the growth (substrate) temperature from 200 ℃
to 150 ℃ has been shown to slightly reduce the GPC to 1.41 Å/cycle for DEZn pulse
time of 200 ms. However, a larger variation in the GPC has been observed for growth
temperatures outside of the designated window that is used in this work [155], [156]. An
increase at the near band edge emission and decrease in the deep level defect-related
emission are observed for the samples grown at 200 ℃ compared to one grown at 150
℃, as shown in Figure 6.5. This is likely related to the lower density of defect-related
states in the samples grown at the higher temperature [157], [158], [159].

Figure 6.5 Acquired PL spectrum for the samples grown at different temperatures.

Moreover, an improved crystalline structure is expected by increasing the growth
temperature. High resolution transmission electronic microscopy image, as shown in
Figure 6.6, demonstrates a weak polycrystalline structure for the samples grown at 200
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℃, in which randomly oriented ZnO grains are surrounded by amorphous ZnO pockets
[160].

Figure 6.6 High resolution TEM image (HRTEM) of the as-grown ZnO thin films on
(100) Si substrate (growth temperature = 200 ℃).

Decreasing the purge time from 28 to 4 s has led to an increase in the GPC from
1.50 to 1.60 Å/cycle. This can be related to the changes in the surface chemistry of the
substrate for longer purging times that could lead to a reduction in the number of active
monoethyl zinc sites. DEZn pulse and purge times of 200 ms and 4 s at a substrate
temperature of 200 ℃ were used to reach to an estimated GPC of 1.60 Å/cycle during the
growth of the ZnMnO thin films. This is about 70–80% of a complete monolayer growth
of ZnO, depending on the interplanar distances of ZnO planes (2.48~2.82 Å) [161].
6.3.2. Growth of MnO Thin Films by ALD. The ALD growth optimization of
MnO thin films was studied by completing 94 cycles at the substrate temperature of 200
℃ and varying the Mn(acac)3 pulse and purge times in addition to the precursor
temperature. A heating jacket was used around the bubbler in order to increase the
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precursor temperature. Figure 6.7 shows changes in the GPC with variation in precursor
temperature, in which a maximum growth rate of 0.48 Å/cycle was observed at the
precursor temperature of 130 ℃. However, the GPC decreases to 0.27 Å/cycle by
increasing the precursor temperature to 160 ℃. This can be explained by considering the
decomposition temperature of the Mn(acac)3 precursor at about 159~161 ℃. It has been
shown that heating up Mn(acac)3 at higher temperatures leads to significant mass loss of
the compound through its decomposition [162]. In other words, decomposition of the
precursor at higher temperatures results into undersaturation of the substrate surface after
its pulsing. This reduces the overall growth rate for deposition of ALD-MnO. Similarly, a
further decrease in the GPC to 0.22 Å/cycle was observed by increasing the growth
(substrate) temperature from 200 to 260 ℃, which can be related to the decomposition of
the precursor at higher temperatures. The highest GPC was observed for the Mn(acac)3
pulse time of 1150 ms. Typically, long purge times of more than 45 s have been used in
the ALD-growth of MnO thin films using Mn(CpEt)2 as the metallic precursor [163],
[164]. However, only a slight decrease in the GPC from 0.28 to 0.24 Å/cycle was
observed by increasing the purge time from 6 s to 50 s. A pulse and purge times of 1150
ms and 6 s at the substrate temperature of 200 ℃ were used to grow the MnO layers
(GPC ~0.48 Å/cycle) in ZnMnO thin films.
The acquired XPS 2p spectra of the ALD-MnO are shown in Figure 6.8, where a
satellite feature with a binding energy around 645 eV is also observed. This has been only
seen for MnO films and is not present for MnO2 or Mn2O3 [165]. Moreover, the inset in
Figure 6 shows the XPS 3s spectra with two split-peak elements caused by electron
exchange between the 3s and 3d orbitals in Mn. The width of the peak splitting indicates
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exchange interaction energy that can be used for approximating the phase of the material
[166]. Here, the measured splitting width of 6 eV falls within the range for what has been
reported for MnO [167].

Figure 6.7 Effect of (a) Mn(acac)3 precursor temperature on the GPC of ALD-MnO.

Figure 6.8 Mn 2p XPS spectra of ALD-MnO thin films. Inset shows the Mn 3s XPS
spectra of the MnO samples.
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6.3.3. Growth of MnO Thin Films by ALD. One supercycle in the ZnMnO
ALD growth process consists of N cycles of ZnO and M cycles of MnO, as shown in
Figure 6.3. A total of four samples with varying Zn:Mn ratio were grown using this
technique, as shown in Table 6.2. The number of MnO cycles was kept at 94, which is
mainly due to very small growth rate. However, the number of ZnO cycles and total
number of supercycles were varied to reach an estimated total thickness of 45–50 nm.
The ellipsometry measurements were performed after the growth to measure the true
thickness of the samples. Figure 6.9 shows the AFM images of the as-grown samples.
The root-mean-square (RMS) surface roughness values of the samples were measured to
be between 1.5 and 2.5 nm, except for sample B, in which an RMS roughness of 4.9 nm
was calculated. However, it should be noted that the surface morphology of the ALDgrown thin films is much smoother than those deposited by other growth techniques
[168], [169], [170]. It should be noted that the measured total thickness for the ZnMnO
samples was less than the initial estimation. This could be related to smaller GPC of the
ZnO and MnO layers during the ZnMnO thin film growth compared to the GPC that was
calculated for pure ZnO and pure MnO thin films.

Table 6.2 Summary of ALD growth details of ZnMnO samples.
Sample

ZnO cycles (N)

A

250

B

125

MnO cycles

Supercycles

True thickness (nm)

1

43

2

39

94
C

73

3

31

D

34

5

21
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Figure 6.9 AFM images of the as-deposited ZnMnO samples.

Figure 6.10 shows the sequential ALD growth process of the ZnMnO thin films.
It could be inferred that the first N cycles of ZnO on the Si substrate would grow with
approximately the same growth rate of ~1.6 Å/cycle that was calculated for pure ZnO
(Figure 6.10.a). However, the subsequent growth of MnO could possibly have a lowerthan-expected film growth rate due to growth on the ZnO surface. Similar observations
have been reported for ALD growth of (Al,Ti)-doped ZnO thin films, in which lowerthan-expected growth rates were observed for ZnO, Al2O3, and TiO2 layers, which is
mostly related to incubation time of the materials [171], [172].
For example, in sample A, an approximate thickness of ~40 nm is expected for
0
the 250 cycles of ZnO grown directly on the substrate (𝐺𝑃𝐶𝑍𝑛𝑂
=1.6 Å/cycle). This would

result to an estimated GPC of 0.3 Å/cycle for the MnO layers grown on ZnO surface, as
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depicted in Figure 8.b. Similarly, during the growth of N cycles of ZnO in the second
supercycle (6.10.c), a decrease in the GPC of ZnO is possibly due to reduction in
absorption of the DEZn precursor on the MnO surface. Ye et al. and Banerjee et al. have
modelled the suppressed growth of ZnO films on TiO2 and MnO layers by assuming an
exponential behavior [172], [173]. The suppressed growth rate can be formulated by
fitting the calculated thicknesses for both ZnO and MnO layers and is expressed as
−3 𝑁

∗
0
𝐺𝑃𝐶𝑍𝑛𝑂
= 𝐺𝑃𝐶𝑍𝑛𝑂
(1 − 𝑒 −8.7×10

)

(6.1)

∗
where 𝐺𝑃𝐶𝑍𝑛𝑂
represents the growth rate of the ZnO films grown on MnO layers,
0
𝐺𝑃𝐶𝑍𝑛𝑂
is the approximate GPC deduced for the pure ZnO (or the first N cycles of ZnO

grown directly on substrate), and N is the number of ZnO cycles. This indicates that ZnO
encounters a major barrier while growing on the MnO surface, which affects the total
thickness of the ZnMnO film.
The XRD characterization showed a weak polycrystalline structure with no
distinguishable peak for the as-grown ZnMnO. On the other hand, the thermally annealed
samples demonstrated a highly textured polycrystalline structure. Figure 6.11 shows the
high resolution - 2 XRD scans of the ZnMnO samples grown on n-Si substrate and
annealed at 800 ℃ for 1 hr. The annealing process is also expected to increase the
thermally driven atomic diffusion of Mn in the overall thin film structure [174]. The
occurrence of forbidden Si (200) reflection at 2=32.98º has been shown to be caused by
multiple diffractions (Umweganregung) from the substrate [175]. The broad-intensity
shoulder at the low-angle side of the Si (200) peak observed for sample B has been
attributed to slight variation in in-plane orientation of the samples placed on the stage
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[175]. The XRD patterns reveal only one (002) orientation, while no discrete peaks
related to MnO phase were observed [176].

Figure 6.10 Representative schematics of sequential ALD growth of ZnMnO samples
by depositing alternative ZnO and MnO layers.

Figure 6.11 XRD patterns for the ZnMnO samples grown on n-Si substrate and
annealed at 800 ℃. Inset shows the (002) reflection peak shift for the ZnMnO.
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Moreover, the (002) peaks observed in the patterns reveal the c-axis orientation of
the ZnMnO thin films, decreasing to lower angles as the ratio of MnO increases from
sample A to D. This is likely due to substitution of Mn2+ ions with larger ionic radii (0.91
Å) into Zn2+ sites (0.83 Å) [177], which results in an increase in the c-axis lattice constant
from 5.201± 0.002 Å for sample A to 5.212±0.001 Å for sample D.
As shown in Table 6.3, a decrease in FWHM of (002) peak in sample D is
observed compared to that of the sample A, which indicates an increase in the crystallite
size and also crystalline quality of the ZnMnO film in sample D [178]. On the other hand,
structural characterizations in [179], [180] have shown a degradation in crystalline
quality and higher FWHM of the (002) diffraction peak by increasing the Mn
incorporation in the ZnO films.
However, it should be noted that in the ALD technique, due to its sequential
growth process, Mn-dopants are introduced through growth of alternative MnO layers
between the ZnO layers. Therefore, the improved crystalline quality observed for sample
D is presumably related to the nature of the growth technique and could also be due to
higher number of supercycles used in the ALD growth process. In other words, a higher
number of supercycles may lead to enhancement in diffusion of Mn into the ZnO lattice
structure and substitution with Zn2+ ions. On the other hand, a degraded crystal quality
and higher FWHM of (002) peak is expected in the ZnMnO samples with a lower number
of supercycles, where the grown thin film can be described as a MnO top layer deposited
on a thick ZnO bottom layer (sample A).
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Table 6.3 Structural characterization of the annealed ALD-ZnMnO samples.
Interplanar spacing

Lattice constant

(Å) ±0.001

(Å) ±0.001

A

2.600

B

FWHM,  (º)

Bandgap, Eg (eV)

5.201

0.35

3.19

2.601

5.203

0.36

3.15

C

2.607

5.213

0.25

3.12

D

2.606

5.212

0.18

3.09

Sample

The optical properties of the ALD-ZnMnO samples were studied by measuring
their room-temperature visible-ultraviolet (UV-Vis) absorption coefficient () using an
Antas spectrometer. Tauc plots were drawn by plotting (hv)2 versus photon energy (hv)
and assuming a direct band transition in the wurtzite structure of ZnO [173]. The optical
bandgap energies, Eg, were calculated by linearly fitting the sharp increase in the
absorption near the band edge and finding the intersection of the extrapolated lines with
the horizontal axis, as shown in Figure 6.12. The estimated value of the bandgap was
found to decrease by increasing the Mn incorporation, where Eg decreased from 3.19 eV
for sample A to 3.09 eV for sample D. This has been related to the effect of band bending
in the ALD-ZnMnO samples, which can be explained based on the formation of Mnrelated impurity energy bands within the forbidden bandgap region [173]. The reduction
in the optical bandgap has been partly attributed to increase in the crystallite size of the
thin films [181], [182], as can be seen from the reduction in FWHM of the ZnMnO
samples. Furthermore, the effect of using digital alloy structure (DA) in the growth
process on tuning the optical properties of the thin films have been investigated [183].
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ZnMnO DAs were grown by decreasing the thickness of each layer and increasing the
total number of supercycles, in which a higher Mn incorporation in the ZnMnO thin films
is expected. The Tauc plots were used to deduce the optical band gap energy of the
samples, in which the lowest Eg value of 2.3 eV was calculated for ZnO:MnO (5:3)×40.
However, the reasoning behind this significant shift in the bandgap energy is not clear
and currently under investigation. Figure 6.13 shows the acquired room-temperature PL
spectra of the ALD-ZnMnO thin films, which are normalized to account for variation in
the film thicknesses.
Gaussian curve fitting was used to deconvolute the near band edge (NBE) PL
spectrum of each sample, in which it resulted into two distinct fitting peaks that are
centered at around 378 nm (3.28 eV) and 400 nm (3.09 eV). The peak at the higher
energy corresponds to the NBE emission for the pure ZnO at room temperature, which
can be attributed to a radiative recombination between a hole in the valence band and an
electron in the conduction band [173]. On the other hand, the lower energy emission peak
could be due to Mn-related energy bands. In other words, by increasing the total MnO
cycles from sample A to D, the peak at ~400 nm becomes more dominant compared to
the higher energy peak. This likely explains the band bending toward lower bandgap
energies in the ZnMnO thin films.
In addition to the NBE peaks, an additional red emission peak centered around
655 nm was observed in the samples, which could be related to the existence of deep
defect-related energy levels well below the conduction band [184], [185]. The
photoluminescence properties of ZnMnO thin films are shows in Table 6.4, which
illustrates that by increasing the total MnO cycles, the NBE/red emission intensity ratio
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decreases considerably. This reduction in the intensity ratio could be due to an increase in
the non-radiative recombination centers, such as Zn vacancies and Mn interstitials, as can
be seen by increased red emission PL intensity in these samples.

Figure 6.12 Tauc plots of the ALD-ZnMnO samples acquired using room-temperature
UV-Vis absorption spectroscopy.

Table 6.4 Summary of photoluminescence properties of ALD-ZnMnO samples.
NBE Emission

Red Emission

NBE/Red Emission

Sample
Fit Peak I (nm)

Fit Peak II (nm)

(nm)

Intensity Ratio

A

378

N/A

655

9.2

B

377

369

655

2.0

C

376

397

655

2.3

D

N/A

398

657

2.1
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Figure 6.13 Near band edge normalized PL spectra of the ALD-ZnMnO samples.
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7. FABRICATION AND CHARACTERIZATION OF ORGANIC/INORGANIC
HYBRID SOLAR CELLS

7.1. INTRODUCTION TO HYBRID SOLAR CELLS
Reflection of the solar spectrum from the top metal contact in metalsemiconductor Schottky junction solar cells is a major disadvantage in these structures,
where whole or a large portion of the solar spectrum is simply reflected to the ambient,
and not absorbed in the active semiconductor layer. In the previous sections, the optical
spectroscopy measurements have shown that almost 50% of the solar spectrum is
reflected from the top surface of bias contact layer. This leads to a reduction in photogenerated current, and consequently, reduced photovoltaic response from these devices.
Application of transparent conductive oxide materials, such as indium tin oxide
(ITO), which have high transparency more than 75% in the visible solar spectrum, could
potentially reduce the total reflection. However, due to smaller work function, the
Schottky barrier height and other photovoltaic properties might be reduced in comparison
to that of other metals, such as Au, Ag, and Pt.
Anti-reflection coating (ARC) can also be used to minimize the reflection from
the top metal contacts, as it was shown in the Section 4. However, the process of design,
fabrication, and optimization of ARC layer may add to the complexity and total
processing time and cost of the photovoltaic device. These may make using ARC layers
in these structures less practical, especially, in large-scale fabrication processes.
Organic-based conductive materials have the potential to alleviate these problems,
in which a highly transparent layer can be achieved, along with good electrical properties,
that could replace the metal- and oxide-based contacts and result into improved

172
photovoltaic properties of solar cells [186]. Moreover, due to their tunable electrical
properties, they can be used in different solar cells structures, including charge transport
and blocking layers.
Hybrid solar cells, consisting of both organic and inorganic layers have shown to
be promising in developing solar cells with suitable photovoltaic properties, advantage of
low temperature processing and much lower production cost than conventional p-n
junction solar cells. For example, poly(3,4-ethylenediozythiophene):polystyrenesulfonate (PEDOT:PSS) with work function of 5.1 eV and
spin-coated on Si substrate leads to development of a rectifying Schottky junction and is
used to design and fabricate hybrid solar cells, in which the organic PEDOT:PSS acts as a
hole transporting layer [187].
It has been shown in [188] that organic layer in a PEDOT:PSS/n-Si hybrid solar,
fabricated at low temperatures below 100 ℃, can also act as electron blocking layer,
resulting in low reverse saturation current density of 3.8×10-9 mA/cm2 and Schottky
barrier height of 0.8 eV. Figure 7.1 shows the schematic structure of the fabricated
PEDOT:PSS/n-Si hybrid solar cell, where the application of organic layer as the electronblocking layer has been demonstrated. Also, the current-voltage characteristics under
dark and standard illumination conditions show existence of a photovoltaic response,
where a practical power conversion efficiency of 11.7% has been achieved.
A magnesium thin film has been used in these hybrid solar cells to achieve the
function of a back-surface field (BSF) and to reduce the recombination at the back
surface of the solar cell, resulting in increase in power conversion efficiency from 9.2%
to 12.3% [189]. Figure 7.2 shows the representative band structure of the hybrid
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Ag/PEDOT:PSS/n-Si/Ag structure, where addition of a Mg thin film (5-50 nm) has led to
a downward band bending, which helps the charge carriers to be easily drifted away to
the corresponding current collection contact. This had improved the photovoltaic
properties of these devices, where an increase in open-circuit voltage from 500 mV to
around 650 mV has been observed.

Figure 7.1 Representative energy band structure for PEDOT:PSS/n-Si hybrid solar
cells. It is (a) without and (b) with Mg BSF layer. (c) J-V and (d) Voltage-Light
intensity of the fabricated hybrid solar cells, showing that incorporating Mg improved
the photovoltaic properties of the solar cells [189].

C. H. Huang et al. have designed and fabricated single junction hybrid
organic/inorganic solar cells based on n-GaAs substrate [190]. Graphene has been used as
the top contact on the PEDOT:PSS layer, and authors have investigated the effect of
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number of graphene monolayers on the photovoltaic properties of the solar cells. Figure
6.2 shows the J-V measurement results of the hybrid solar cells, where a graphene
monolayer as the top contact has resulted into a power conversion efficiency of 8.6%.
Also, a high power conversion efficiency of 13% has been achieved in PEDOT:PSS/nGaAs hybrid solar cells, in which the organic layer was treated with Zonyl to improve its
electrical conductivity, leading to improved photovoltaic properties [191].

Figure 7.2 Electrical characterization of PEDOT:PSS/n-GaAs hybrid solar cells. (a) JV characteristics under standard illumination condition and the effect of number of
graphene layers as the top contact layer; (b) variation in photovoltaic properties of
hybrid solar cells with increasing the number of graphene monolayers, where the
highest power conversion efficiency of 8.6% has been observed when only one
monolayer is used [190].
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The main objective of this work is to develop organic/inorganic hybrid solar cells
based on Si and other III-V semiconductors and propose methods to improve their
photovoltaic properties. Specifically, the effect of interface layer in performance
optimization of PEDOT:PSS/n-Si hybrid solar cells is investigated. Aluminum oxide
(Al2O3) is shown to be an effective interface layer in improving the photovoltaic
properties of hybrid solar cells. An ultrathin layer is inserted between the PEDOT:PSS
and Si substrate to improve the interface surface between the layers, reduce the
recombination of free charge carriers, and therefore, increase the photo-generated current
from the solar cells [192].

7.2. PROCESS DEVELOPMENT AND OPTIMIZATION
N-type double-sided polished Si wafers were selected as the semiconductor
substrate for fabrication of hybrid solar cells. The wafers were cut into 1×1 cm2 pieces,
cleaned by acetone and methanol in order to remove the organic contamination, and then
etched in 5% diluted hydrofluoric acid (HF) in order to remove the 3-5 nm native oxide
(SiOx) from the top surface of Si. Following that, a thin film of Al2O3 was grown using
GemStar XT Thermal ALD at 200 ⁰C and deposited as the interfacial layer. The thickness
of this thin film was measured between 2-20 nm using J. A. Woollam VASE ellipsometer
right after ALD deposition process.
Conductive PEDOT:SS solution (Sigma-Aldrich: 1.3 wt.% dispersion in H2O),
mixed with 5% dimethyl sulfoxide (DMSO) and 1% Triton-X100 (Sigma Aldrich), was
spin-coated on Si samples at a rotation speed of 3500 rpm for 35 seconds to create the top
front electrode. The samples were then underwent thermal annealing process at 135 ̊C in
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nitrogen environment for 15 minutes to improve the electrical conductivity of
PEDOT:PSS by enhancing the π- π stacking of conjugated polymer chains.

Table 7.1 Summary of the processing steps used in fabricating PEDOT:PSS/Al2O3/nSi hybrid Schottky solar cells.
Step #

Process

Time (sec)

Purpose

5% HF acid etching

120

Removing 2~3 nm SiO2

DI water dipping

5

on Si surface

ALD-Al2O3 Interfacial

-

2~20 nm thickness

PEDOT:PSS spinning

35

@3500 rpm

PEDOT:PSS RTA

900

@135 ̊C and N2 atm.

Top/bottom metal deposition

-

Top: Ag, Bottom: Ni/Au

1
2
3
4

Figure 7.3 Organic/inorganic PEDOT:PSS/n-Si hybrid solar cells with ALD-grown
Al2O3 interfacial layer. It shows the (a) schematic structure. Thickness of the Al2O3
varies between 2 to 20 nm in order to investigate the effect of interfacial states in
changing the photovoltaic properties of these solar cells; (b) Photoluminescence
characteristics of the Al2O3 thin films, showing distinct peaks representing Al2O3.
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Subsequently, 200 nm Ag front and 5/100 nm Ni/Au rear contact pads were
deposited using electron-beam evaporation technique at the chamber pressure and
temperature of 2×10-6 Torr and 22℃, accordingly. Table 7.1 shows the summary of the
processing steps used for fabricating the hybrid solar cells. Figure 7.3 shows the
schematic structure of the fabricated hybrid solar cells, along with photoluminescence
measurements, showing the characteristic properties of Al2O3 thin films.

7.3. ELECTRICAL CHARACTERIZATION OF HYBRID SOLAR CELLS
Upon fabrication of the organic/inorganic hybrid solar cells, their J-V
characteristics were measured under dark and standard illumination condition of 1-sun
AM1.5g 100 mW/cm2 using a home-built solar simulator. Moreover, the external
quantum efficiency of these devices were measured using PV Measurement QEX10,
calibrated using NIST standard reference sample.
Figure 7.4 shows the measured I-V characteristics of these best performing
PEDOT:PSS/n-Si hybrid solar cells, with 5 nm Al2O3 interfacial layer, alongside its EQE.
The results show a rectifying diode-like behavior under both dark and illumination
conditions. Also, the EQE measurements show that a relatively small portion of the solar
spectrum (<10%) is absorbed in the active semiconductor layer and turned into photogenerated current. This is mostly due to high level of surface recombination at the
interface of PEDOT:PSS/n-Si, corresponding to reverse saturation current densities
between 0.1-5 µA/cm2.
Also, the TLM measurements on the rear Ni/Au contact show a high contact
resistance and resistivity of 207 Ω and 0.305 Ω.cm2, accordingly, as shown in Figure 7.5.

178
This is relatively higher than other Si-based solar cells, where a contact resistivity of
around 10-4 Ω.cm2 was observed [193], [194]. The increased series resistance leads to
reduction in charge carrier collection efficiency at the contact, and therefore, high level of
losses at these areas. This can be reduced by optimizing annealing temperature post
deposition of the rear contact and use of other alternative materials than can create low
resistance current path in these solar cells.

Figure 7.4 Electrical characterization of PEDOT:PSS/n-Si hybrid solar cells. (a) I-V
measurement results on under both dark and standard illumination condition of 100
mW/cm2, showing a diode-like rectifying behavior, and (b), external quantum
efficiency measurements show a relatively low (<10%) light to photo-generated
current conversion.

The variation in thickness of the interface layer and subsequent changes in
photovoltaic performance of the solar cells are depicted in Figure 6.6. The results show
that a 5 nm Al2O3 to achieve the highest Jsc, Voc, SBH of 0.83 mA/cm2, 277 mV and 710
meV, respectively, and lowest J0 of 0.1 µA/cm2.
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Figure 7.5 TLM measurement results of the Ni/Au rear ohmic contact. A contact
resistance and resistivity of 207 Ω and 0.305 Ω.cm2 were measured, accordingly. This
is relatively higher than other state-of-art Si-based solar cells with ohmic contact
resistivity of <10-4 Ω.cm2. Higher contact resistivity results into reduced charge carrier
collection efficiency.

Moreover, it can be said Al2O3 with thickness less than 5 nm cannot effectively
act as electron blocking layer, while the films with thickness more than 5 nm, impede the
extension of depletion region into the active Si layer and may lead to partial absorption of
solar spectrum within the interface layer, which can potentially result into degraded
photovoltaic response.
This shows the effectiveness of this interface layer to act as electron blocking and
passivation layers, in which it can result into improved photovoltaic properties of these
hybrid solar cells.
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Figure 7.6 Analysis of the electrical characterizations of hybrid solar cells. Change in
the photovoltaic properties of PEDOT:PSS/n-Si hybrid solar cells with variation in the
thickness of Al2O3 interface layer. It can be observed that a 5 nm interface layer
results into the highest Jsc, Voc, and SBH 0.83 mA/cm2, 277 mV and 710 meV, and
lowest J0 of 0.1 µA/cm2, which shows the effectiveness of this layer to acts as electron
blocking and passivation layers.
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8. CONCLUSIONS AND FUTURE WORK

8.1. CONCLUSIONS
Application of Schottky junction structure can alleviate the need for use of highly
p- or n-type doped wide-band semiconductor used in the solar cell structure. Especially,
these structures can be used as the top wide bandgap sub-cell in multi-junction solar cells.
However, due to smaller built-in potential and narrower depletion region width, Schottky
junction solar cells suffer from degraded photovoltaic properties compared to other p-n
junction based solar cells.
In this work, a novel field-effect based approach to improve the photovoltaic
performance of single and multi-junction Schottky junction solar cells was proposed. In
an Isolated Collection and Biasing solar cell (ICBS), introduction of a secondary bias
contact layer, electrically isolated from the primary current collecting contact, prevents
the reduction of Schottky barrier height underneath the bias contact layer if the barrier
height underneath the collection contact layer is negatively affected due to a voltage load
drop. Therefore, improved diode-like and photovoltaic properties is expected from these
ICBS solar cells compared to conventional Schottky junction solar cells.
In Section 2, the theory of ICBS solar cells were introduced, alongside the
expected energy band structures for both ICBS and conventional Schottky solar cells, in
which introduction of secondary bias contact layer leads to formation of external band
bending at the top surface of semiconductor. COMSOL modeling results showed the
effectiveness of the proposed method, where the barrier height at the bias contact layer
remains unaffected after a drop of 0.3 eV in barrier height at the collection contact layer.
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By preventing reduction in barrier height at the bias contact layer, a more efficient photogenerated charge carrier separation and reduced reverse current density is expected,
which results in improved photovoltaic properties of the ICBS solar cells compared to
conventional Schottky junction solar cells.
The choice of the material for the bias contact is essential in achieving the highest
barrier height at this junction. It was shown that a transparent and conductive material
with large work function help for inducing a large barrier height. For example, noble
metals such as Au, Ag, Pt, and Pd with large work functions, have shown to create
Schottky barrier heights of more than 0.8 eV with GaAs, making them suitable choices
for use in the ICBS structure.
Following that, fabrication process for development of ICBS solar cells were
introduced. Single junction ICBS solar cells based on GaAs and AlGaAs were designed
and fabricated using an optimized process control monitoring procedure. Electrical
characterization results showed that a large gap size between collection ad bias contact
layers (larger than the depletion regions underneath these contacts) leads to a not efficient
drift of photo-generated carriers from the bias to collection contact layer, mostly due to
existence of a large quasi-neutral region between the two contacts. However, a narrower
gap size, in which the two depletion regions are overlapping, results into significant
improvement in the photo-generated current measured at the collection contact. This is
due to the efficient transport of the charge carriers from bias to the collection contact
layer, and therefore, improved photovoltaic response in this configuration.
The current-voltage measurements performed under dark and standard
illumination condition of 100 mW/cm2 showed effectiveness of the proposed ICBS
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structure compared to the conventional non-ICBS structures. Significant improvement in
photovoltaic properties of GaAs-based ICBS solar cells is observed, where an increase in
Voc, Jsc, and FF from 379 to 428 mV, 1.41 to 2.05 mA/cm2, and 42% to 67% was
observed.
Moreover, the effect of different bias contact layer was investigated, in which a
higher open-circuit voltage and short circuit current density was observed for Ag-based
devices compared to Au-based ICBS solar cells. This may be due to a more homogenous
and abrupt Schottky barrier height at the interface of metal-semiconductor, which results
into lowered reverse saturation current density, and improved photovoltaic response.
Application of passivation and anti-reflection coating layers was studied in order
to reduce the surface losses and also total reflection from the top surface of the
semiconductor and other reflective metal contacts. A 20 nm ALD-grown Al2O3 was
shown to passivate the surface of the semiconductor, which leads to reduced reverse
saturation current density and overall improvement in the photovoltaic properties of these
devices. Moreover, a significant improvement in the photovoltaic properties of the ICBS
solar cells was observed by surface passivating the 100 nm gap between the bias and
collection contact layers. This improvement can be related to a reduced density of surface
states after passivation. Also, the effect of fixed charges existing at the surface of the
insulating passivation layer was studied, where they can induce an electric field that
repels the charge carrier from the approaching the surface of the semiconductor. Other
experimental results show the effectiveness of this field-effect passivation method in
improving the photovoltaic performance of the solar cells.
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Moreover, application of organic-based materials in development of Schottky
solar cells was investigated, in which a highly conductive and transparent organic
material could replace conventional metallic based contacts (similar to the bias and
collection contact materials that were used in fabrication of ICBS solar cells) to increase
the absorption of solar spectrum, induce a relatively higher Schottky barrier height, and
therefore, improve the photovoltaic properties of these devices. Hybrid organic/inorganic
PEDOT:PSS/n-Si Schottky solar cells were designed and fabricated, in which a diodelike and photovoltaic response was observed. Also, application of interfacial passivation
layer in these devices were investigated to reduce the density of surface states at
PEDOT:PSS/n-Si junction interface. It was observed that a 5 nm ALD-grown Al2O3
interfacial layer shows the highest photovoltaic response compared to those solar cells
with other thicknesses of interfacial layer. This hybrid structure can be used in the ICBS
solar cells, where the organic material will be used as the bias contact layer. This will
help for reducing the reflection from the top surface and increasing the photo-generated
current from these devices.

8.2. FUTURE WORK
The future work will mainly include the following tracks of research:
8.2.1. Optimization of AlGaAs-based 1.8 eV ICBS Solar Cells. The fabrication
of Al0.3Ga0.7As-based ICBS solar cells includes processing the ohmic contact layer on
Al0.3Ga0.7As active layer, which has a carrier concentration of 5-10×1015 cm-3. However,
the electrical characterization results showed a relatively higher series resistance than
GaAs-based devices, which can be due to several reasons, such as high contact resistivity,
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spreading resistance, or difficulty of charge transport at the semiconductor material [195].
This can significantly reduce the total photo-generated output power from these solar
cells, and therefore, reduce their practical power conversion efficiency.

Figure 8.1 Schematics structure of proposed Al0.3Ga0.7As/GaAs structure with n+AlGaAs bottom layer for ohmic contact processing. (a) as-grown structure, (b) after
processing with the fabricated ICBS structure. This results into a lower series
resistance, and consequently, improved photovoltaic response of the solar cells.

It has been widely demonstrated that ohmic contacts are usually processed on
highly n-doped semiconductor layers in order to achieve lower series resistance, and
improved photovoltaic response [196]. Figure 8.1 shows the proposed structure for the
revised design of AlGaAs/GaAs wafers, in which a 100 nm Al0.3Ga0.7As layer with
carrier concentration of 1×1018 cm-3 or higher is grown under the Al0.3Ga0.7As active
layer, which will be used to facilitate the free carrier transport to the ohmic contact layer
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and reduce the overall series resistance. Therefore, a higher photo-generated current, and
output power is expected in these devices.
8.2.2. Fabrication of III-V//Si Dual-Junction ICBS Solar Cells. A major
objective of this research is to develop ICBS solar cells based on a dual-junction structure
with a top cell with band gap energy of ~1.8 eV and bottom cells with bandgap of ~1 eV.
Therefore, the final device structure will be based on 1.8eV-semiconductor//Si to achieve
the maximum power conversion efficiency.

Figure 8.2 Schematic structure of the proposed dual-junction structure. It is made
using top ICBS cell with bandgap energy of 1.8 eV, and bottom Si cell with bandgap
energy of 1.1 eV. Different methods such as active bonding or direct grown on top
cells on bottom cell using buffer interlayer will be used for integration of these two
sub-cells.

In order to accomplish this, different methods, such as mechanical stacking, active
surface bonding, buffer layer growth, and direct growth of dual-junction structure will be
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used for purpose of integrating the two sub-cells, whether as a monolithic or a multiterminal structure. Figure 8.2 shows the schematic structure of the proposed structure
where the top ICBS solar cells made with 1.8 eV bandgap semiconductor is integrated
with the bottom p-n junction Si sub-cell.
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