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ABSTRACT

In this thesis, we explore a-AlCrOz as a wide bandgap semiconductor oxide potential
candidate for p-type doping through the strategic doping of divalent cations Ni?* and Mg?*
at the AIP* site. The host material a-(AlkCri—x)203 (0<x<1) exhibits a rhombohedral
structure (R-3c) with a tunable bandgap ranging from 3.4-5.3 eV and strong hybridization
between Cr 3d and O 2p orbitals that makes it an ideal host for p-type conductivity
engineering. Single-phase polycrystalline samples of a-Al;..B:CrOs, where B = Ni?*,
Mg?" and 0< x < 0.02 were synthesized via the solid-state reaction method. Structural
integrity and doping solubility were confirmed through synchrotron-based X-ray
diffraction and Le-Bail refinement. Optical characterization via DRS reveals that with Ni
doping no changes in intrinsic band transitions and thus by observed no change in bandgap
energy. The electrical charge carriers transport phenomenon was thoroughly investigated
using complex impedance spectroscopy (CIS). Both Ni?* and Mg?** doping led to
significant reductions in energy activation and resistance with superior performance
observed at x = 0.01. Notably, a transition from localized to long-range hopping
conduction was evident in the doped samples, that were supported by temperature-
dependent imaginary part of impedance spectra Z”, imaginary part of modulus spectra
M", and Nyquist plot analyses. Photoelectron Spectroscopy (PES) performed to obtain
ionization energy of =~ 5.7eV and 5.1 eV for AlgggNio01CrOs and AlggsMgo.01CrOs3
respectively, making these materials viable for hole transport material applications in most
of the hole transport material in perovskite solar cells. Among the studied compositions,
Mg-doped o-AlCrOs (Alo.9sMgo.0:CrOs) exhibited the lowest resistance compared to the
a-AlCrOs (undoped) sample and Ni-doped a-AlCrOs (Alo.9gNio.01CrOs3) exhibited the
lowest activation energy obtained and a positive Seebeck coefficient that affirms p-type
conductivity. This study establishes a comprehensive structural and electrical properties
of Ni- and Mg-doped p-type a-AlCrOz wide bandgap semiconductor and a potential

candidate for p-type semiconducting optoelectronic applications.
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Chapter 1
Introduction



1.1 Background on Transparent Conducting Oxides (TCOs)

Transparent conducting oxides (TCOs) materials are a remarkable class of
materials that exhibit two contradictory properties in one material, i.e., optical transparency
and electrical conductivity simultaneously. Typically, materials which exhibit excellent
electrical conductivity, such as metals, tend to be opaque due to their high free-electron
density, which leads to strong absorption and reflection of visible spectrum. On the other
hand, materials that are optically transparent, such as glass and ceramics, behave like
electrical insulators because they lack free charge carriers. TCOs bridge this gap by
addressing a potential candidate material that exhibits both contradictory properties in one
material through careful engineering of their electronic structure which allows to satisfy

both properties requirements simultaneously[1].

To function as efficient TCO materials, they must satisfy several fundamental
requirements. Most importantly, the material must possess a wide optical bandgap energy
of > 3.1 eV to avoid optical absorption in the visible spectrum. In addition to that, to
facilitate electrical conduction, it must possess sufficient charge carriers such as electrons
for n-type TCOs and holes for p-type TCOs. Moreover, these charge carriers must exhibit
high mobility for conduction processes that allow us to achieve high conductivity
values[2]. The difficulty lies in careful engineering and obtaining these properties within a
single material system simultaneously. Therefore, the conventional approach to developing
TCO materials involves creating non-stoichiometry and/or introducing defects in wide
bandgap semiconductors. By strategically introducing shallow defects state near the
conduction band maximum for n-type materials or for the valence band for p-type
materials, in that way it’s possible to enhance conductivity at room temperature while
maintaining optical transparency. This combined balance of properties faces significant
challenges, particularly for p-type materials, driving the search for novel materials systems

and design strategies[3].

The importance of TCOs in optoelectronics resulted as a critical component in
diverse applications, including flat panel displays, touch screens, light-emitting diodes
(LEDs),photovoltaic (PV) cells, electro-chromic smart windows, and emerging transparent

electronics[4-8]. The importance of TCOs plays a critical role in optoelectronics, and future



innovations would result in a global market valued at approximately United States Dollar
(USD) of valued at 7.5 billion in 2022, the market is expected to grow to USD 12.8 billion
by 2030. As the demand for technological importance has driven intensive research efforts
aimed at the development of TCOs with enhanced performance, improved stability and

reduced environmental impacts.
1.2 Fundamental challenges in the development of p-type TCOs

The n-type TCOs have achieved significant commercial success in the market,
whereas the development of equally the realization of highly efficient p-type TCOs is one
of the most persistent challenges in transparent optoelectronic applications. This disparity
stems from fundamental limitations in the electronic structure of oxide materials that result
in p-type doping inherently more difficult than n-type doping. The fundamental challenge
lies in the nature of the valence band in conventional oxide semiconductors. The valence
band maximum (VBM) in most semiconductors is predominantly composed of oxygen 2p
orbitals and due to oxygen's high electronegativity, orbitals are strongly localized, resulting
in several detrimental effects for hole transport. Firstly, flat valence bands with minimal
dispersion, which means the localized nature of O 2p orbitals results in narrow valence
bands with minimal dispersion. This leads to high effective masses for holes, resulting in
inherently low hole mobility. In p-type oxides, dopants create deep acceptor states instead
of shallow levels near the VBM, while electron-phonon coupling induces small polaron
formation, both of which degrade hole mobility. And lastly, compensating defects due to
native donor defects like oxygen vacancies compensate for intentionally introduced
acceptors. These fundamental limitations result in poor performance of p-type TCO’s

conductivity, which is significantly lower than their n-type counterparts [9].
1.3 Performance Gap Between n-Type and p-Type TCOs

The disparity in performance of n-type and p-type materials can be understood by
comparative analysis of their properties. Figure 1.1 provides a comparative illustration of
the inverse sheet resistance and optical transmission for various p-type TCOs reported in
the literature (represented by red squares) and the commercial n-type indium tin oxide
(ITO) alongside was shown as a benchmark [10]. The data highlights the persistent

disparity in performance between n-type and p-type TCOs. Moreover, we can observe that



commercially available n-type ITO exhibits both high optical transmission and low sheet
resistance, whereas most p-type TCOs in the region exhibit lower transmission and higher
resistance. For instance, materials such as BaBiTaOs, SrCuO2, and SnO exhibit relatively
high optical transmission but suffer from limited electrical conductivity as indicated by
their lower inverse sheet resistance. As shown in Figure 1.1, it can be seen that no p-type
TCO has achieved a combination of electrical and optical properties that rival those of
commercial n-type TCO.

" ——r——r T -
a9 | ] = Y -
X BaBiTa0 SnO Commercial
80 E ™ n-type ITO ]
SrCu0 CuRO
70 - -
-~ I B CuAIQ
= [
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Figure 1.1: Comparative analysis of n-type TCOs (ITO) and p-type TCOs

Materials Structure Growth | d(nm) | T (%) | Eopt(eV) | 6(S | rn(em™) | g(em*V1ig1)
methods cm™)

Sm:In:Os (ITO) | Bixhyite | Sputtering | 115 85 3.7 | 5900 | 1.2 x 107 30
Cu20 Cubic PLD 650 — 217 0.014 | 1.7 x 10* 90
CuBO2 Delafossite PLD 200 75 4.5 1.65 1 x 107 100
CuAlO: Delafossite PLD 500 28 3.5 0.95 | 1.3 x 10V 10.4
CuAlO: Delafossite PLD 230 70 3.5 0.34 | 2.7 x 107 0.13
CuGaQ: Delafossite PLD 300 80 3.6 0.02 | 1.7 x 10%® 0.23
LaosoSrosoCrOs | Perovskite MBE 50 43 4.6 56 | 7.5 x 10# 0.04

Table 1.1. Overview of prominent p-type TCOs documented in previous studies [10]

As shown in Table 1.1, it highlights the superior performance of the n-type TCO of
ITO compared to various p-type TCOs [13]. Here, ITO, with a bixbyite structure which



was deposited via sputtering, has demonstrated an impressive optical transmittance of 85%
and an outstanding electrical conductivity of 5900 Scm™. This high performance is
attributed to its substantial carrier concentration (~1.2x 102cm™®) and high carrier
mobility (~30 cm? V1 s1). On the other hand, p-type TCOs such as CuAIO2, CuGaO,, and
Laos0Sros0CrOs, despite possessing wide optical bandgaps which are suitable for
transparent applications and exhibit significantly lower electrical conductivity and
mobilities. For instance, CuAlO, and CuGaO; are both delafossite-structured by
developing a delafossite and developed via pulsed laser deposition (PLD), exhibiting
limited conductivity (<1 S cm™) and moderate transparency. Although certain delafossites,
such as CuBO;, report higher mobilities (~100 cm?V-s) but their overall electrical
performance remains constrained due to low carrier concentrations (~10%" cm). Similarly,
a perovskite-structured Lags0Sro50CrO3 material synthesized by molecular beam epitaxy
(MBE) exhibits a relatively high carrier concentration (~7.5 x 10t cm™) but is hindered by
extremely low hole mobility (~0.04 cm?V1s1) and thus limits its conductivity (~56 Scm™
1y [10]. These comparisons present the inherent material limitations and that continue to
challenge the advancement of high-performance p-type TCOs.

1.4 Design Strategies for p-Type TCOs

To address the fundamental challenges linked to p-type doping in semiconducting
oxides, there were two major conceptual approaches that have emerged such as (i)
Chemical Modulation of the Valence Band (CMVB) and (ii) Electron Correlation
Engineering. These strategies have resulted in the identification and development of
several promising p-type TCO materials that include delafossites, oxychalcogenides, and

chromium-based oxides [9].
1.4.1 Chemical Modulation of the VValence Band (CMVB)

In 1997, Hosono et.al developed the concept of Chemical Modulation of the
Valence Band (CMVB) to deal with the more dispersive valence band of O2p orbitals. This
approach has been introduced for hybridization of O 2p with nearly closed energy orbitals
to delocalize the hole and engineer the Valence Band Maximum (VBM) to reduce the
effective mass of holes. As shown in the Figure 1.2, this is achieved by hybridizing the O

2p orbitals with suitable metal cation states such as filled d-orbitals (d'° configuration) or



lone pair s-orbitals (s> configuration), which are more spatially extended and capable of

forming strong hybrid states.

The CMVB strategy involves primarily three key design principles as follows:

1.

d*° configuration cations: Cations with a closed-shell d*° electronic configuration
such as Cu* (3d9), Ag* (4d*°), and Au* (5d'°) are more advantageous materials that
avoids the d-d transitions and facilitate the hybridization of their metal d-orbital
with O 2p orbitals. Moreover, this hybridization contributes to valence band

delocalization and promotes higher hole mobility.
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Figure 1.2: lllustration of Chemical Modulation of the Valence Band through
hybridization of O 2p with Cu 3d orbitals (adapted from [14]).

Incorporation of s? Configuration Cations: Non-transition metal cations such as
Sn?* (5s%) and Bi*(6s?), which possess the active lone pairs result to interact with
O 2p orbitals, and that leads to a more dispersive valence band. The inclusion of
such cations helps in raising the VBM and thereby enhancing the hole transport

phenomenon.

Energy Level Alignment: For hybridization the cation orbital states energy must
lie close in energy to the O 2p orbitals levels. This band alignment ensures
significant hybridization and results in the formation of bonding and antibonding
states with the antibonding VBM which leads to exhibiting higher dispersion. This

directly contributes to reduced hole effective mass and improved conductivity.



An early and successful demonstration of this strategy was realized in the
delafossite CUAIO, exhibits a wide optical bandgap (~3.5 eV), where Cu* (3d*°) cations
hybridize with O 2p orbitals and result in dispersive VBM and p-type conductivity in the
range of ~1 S-cm™. Although the conductivity reported was modest, this material
represented the first proof-of-concept for p-type TCOs and laid the foundation for future

research into valence band-engineering [14].

This CMVB-based design approach has led to the development of a wide range of
p-type TCOs, including delafossite oxides, oxychalcogenides, and spinel-based oxides, all
aiming to replicate the success of Cu-based delafossites while enhancing mobility and
conductivity [13-15].

1.4.2 Electron Correlation Engineering

Another design strategy exploits electron correlation effects, which are particularly
observed in transition metal oxides with partially filled d-orbitals. Unlike CMVB, this
approach will not only rely on delocalized oxygen orbitals but instead utilizes correlated
electron systems where controlled hole doping can enable p-type transport simultaneously
maintaining optical transparency. A prominent example of this strategy is the p-type
materials conduction observed in Sr-doped LaCrOs, a perovskite oxide. In this system,
upon Sr substitution Lai1xSr«CrOs hole carriers are introduced into the Cr 3d (t2g) band
resulting in relatively delocalized holes that participate in electrical conduction [9,10].
Importantly, optical transparency is preserved because the Cr3*/Cr** transitions are dipole-
forbidden and thus do not contribute significantly to optical absorption in the visible range.
This concept has also been extended to other correlated oxide systems such as LaCuOSe

and LaCrOs-based systems.

In addition, to further support the design of such systems as well as first-principles
computational methods for including density functional theory (DFT) to improve the
description of strongly correlated electron systems, particularly those involving localized
orbitals, like in transition metal oxides and hybrid functional approaches, are employed to
predict and model the band structure, hole effective mass, and polaronic behavior. These
tools help in screening and exploring new materials systems and understanding the trade-

offs between conductivity and transparency. The electron correlation approach



demonstrates that even in systems with strong Coulomb interactions and partially filled d-
bands, it is possible to achieve p-type behavior with reasonable transport properties if

transitions remain optically inactive and carriers remain delocalized.

Together, these strategies have broadened the landscape of p-type TCO materials,
with Cr-based oxides gaining increasing attention for their compatibility with both CMVB

and correlation-driven mechanisms.
1.5 Literature Review
1.5.1 Cu-Based Oxides and Oxychalcogenides

Based on the p-type design strategies, early research was focused on Cu*-based
oxides as promising p-type TCO candidates. Cu(l) compounds were attractive because Cu*
has filled 3d'° orbitals that can hybridize with anion p-orbitals, yielding a maximum
valence band (VBM) that is less O 2p dominated. The breakthrough came in 1997, when
Kawazoe et al. reported transparent p-type conduction in CuAlO2 which is delafossite-
structured of Cu* oxide [11]. Thin films of CuAIO; exhibited a p-type conductivity on the
order of ~1 Scm at room temperature. While modest, this conductivity was remarkable at
the time, and it demonstrated for the first time that a wide-bandgap oxide could facilitate
hole transport. CUAIO, has a rhombohedral layered structure with an indirect bandgap of
~3.5 eV, yielding ~80% transparency in the visible. This work proved that the CMVB
strategy that is hybridizing O 2p with closed-shell Cu 3d orbital could successfully address
the issues of p-type doping, and it paved the way for a “proof-of-concept” p-type TCO.

1.5.2 Copper Chromium Oxide (CuCrOy2)

This material is a shining example of a p-type TCO achieved through CMVB. This
adopts the delafossite structure ABO; type, with A = Cu*, B = Cr®" and has a rhombohedral
layered structure. The presence of Cu* (3d'°) is the key as delocalizing the valence band
through Cu 3d and O 2p hybridization via CMVB strategy, resulting in p-type conductivity.
Undoped CuCrO> has a band gap of approximately 3.0 eV (indirect) and around 3.5 eV
(direct), making it transparent with a slight greenish tint. In 1997, CuCrO> was reported as
a p-type TCO shortly after CuAlO2 demonstrating that replacing Al with Cr in the

delafossite structure also yields p-type behavior. The performance of CuCrO; was further



improved by aliovalent doping such as Mg?* doping on the Cr®* site forming CuCr1xMgxO:
[12] has been shown to dramatically increase hole concentration. Magnesium doping
provides acceptor defects (each Mg?* creates a deficiency of positive charge that must be
compensated by a hole on neighboring O/Cr sites). As a result, the conductivity of CuCrO;
can rise by orders of magnitude upon Mg doping. For instance, Mg-doped CuCrO; films
have achieved conductivity on the order of ~10 S/cm with visible transparency around 70-
80% for thin films. This is still modest compared to n-type TCOs but is a remarkable
improvement for p-type semiconductor oxides. Mg-doped CuCrOs is often cited as one of
the best p-type TCOs to date. Its success illustrates two important points: (1) the
effectiveness of the Cu* and Cr3" chemistry in achieving p-type conduction; and (2) the
principle that divalent cation doping (Mg?*) on a trivalent site is a viable way to introduce
holes in a Cr-based oxide. CuCrO; exhibits a high optical band gap of approximately 3 eV,

contributing to its substantial to optical transparency.
1.5.3 Cr203-based p-Type TCOs

Cr203 also known as eskolaite, is a wide-bandgap oxide with a bandgap ~3.4 eV
with a corundum crystal structure as same structure as Al,Os. Pure Cr203 is an insulating
antiferromagnetic oxide. Its valence band consists of O 2p mixed with some Cr 3d (tzg)
states, and it does not intrinsically conduct holes. In principle, if one could introduce
acceptors into Cr20s3, p-type conduction might occur. However, attempts to dope Cr203 for
p-type conductivity are scarcely reported, likely due to the tendency of Cr.0s to
accommodate changes by oxidation states like Cr3* to Cr** or Cr?* or some other defect
formation rather than free-hole creation. Moreover, Cr20s is transparent in the green part
of the spectrum while it absorbs in the red and its band gap, just around the visible range,
might be slightly low for some transparent applications. Thus, Cr.Ozalone has not emerged
as a useful p-type TCO [13]. To overcome this intrinsic limitation, doping strategies have
been effectively utilized. For instance, Magnesium (Mg?") doping in a-Cr.Os, has
demonstrated marked success, elevating conductivity levels up to 28 S/cm [14]. The
introduction of Mg?* ions helps to modulate electronic structures, enhance the
delocalization of holes and improving p-type conductivity. Similarly, nickel (Ni?*) doping
has been investigated to further optimize electronic structures. Ni?* doping reduces hole

effective mass, thereby increasing mobility and enhancing overall conductivity. Such
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doping methods maintain the desired transparency of the material while

significantly improving electrical characteristics.
1.5.4 Gallium Chromium Oxide (GaCrOs) and Ni Doping Insights

While Cu-based delafossites rely on Cu™ hybridization, more recent studies have
focused on chromium oxides combined with trivalent A-site cations such as Ga®*, forming
GaCrOs [15]. This material provides structural and chemically valuable insight into dopant
behavior. In recent report by R. Jangir et al demonstrated the Ni?* doping in GaCrOs has
exhibited p-type conductivity while preserving a wide bandgap of ~4.1 eV which was
among the highest bandgap reported till date for p-type TCOs [16]. Furthermore, Ni-doped
GaCrOs grown epitaxially on Al>Os substrates and showed good crystallinity, aligned band
structures were reported [18]. Ni?* introduces acceptor states by substituting for Ga®",
which creates a charge imbalance that can be compensated by hole formation on Cr or O
sites. Furthermore, Ni 3d states may participate in valence band formation, further assisting
hole delocalization. These studies confirm that transition-metal doping on group 13 cation
sites (Ga®*, AI*") in Cr-based oxides is a viable pathway to achieving p-type conduction
with excellent optical properties.

1.6 AICrOs as a Promising p-Type TCO Host

Building upon the insights from CuCrO2 and GaCrOz materials, the focus of this
thesis is on Aluminum Chromium Oxide (AICrOs) which is an unexplored material yet
highly promising host p-type semiconductor. AICrOs can be synthesized as a solid solution
of Al20s3 and Cr203 by solid-state synthesis method both of which crystallize in the
corundum structure (space group R-3c) [19]. The bandgap of AICrOs lies between the
narrow gap of Cr0s (~3.4 eV) and the ultrawide bandgap of Al.O3 (~8.8 eV).
Experimental studies by Jangir et al. have reported a-(AlxCr1x)203 bandgaps tunability in
the range of ~3.4 to 5.3 eV. Structurally, a-(AlxCri1x)203 offers full miscibility across the
Al-Cr composition of 0 < x <1 range and excellent thermal and chemical stability. This
enables high-temperature processing and compatibility with transparent device platforms.
Importantly, the mixed cation (Al/Cr) lattice allows for strategic doping at the AI** or Cr®*

sites, enabling fine-tuned control over valence band characteristics.
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This chapter has reviewed the fundamental challenges in developing p-type TCOs
and outlined key design strategies including CMVB and electron correlation engineering.
The literature survey highlights the promise and limitations of Cu-based, Cr-based, and
Ga-based systems, leading to the rationale for investigating AICrO3 as a stable and tunable

host material.

1.7 Thesis Structure:
o Chapter 2 presents the motivation and clearly defined objectives of the research.

e Chapter 3 outlines the experimental methodology, including synthesis and
characterization techniques.

o Chapter 4 discusses the results of Ni-doped AICrOs.
o Chapter 5 presents results for Mg-doped AICrOs.

o Chapter 6 concludes the thesis with key findings and future work.
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Chapter 2
Motivation and Objectives
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2.1 Research Background and Significance
2.1.1 AICrOs as a promising p-type TCO candidate

Herein, a-(AlxCr-x)203 system is one among the emerging materials in the field
of p-type wide bandgap semiconductors. This material adopts a rhombohedral crystal
structure (space group R-3c) and closely resembles the well-known corundum structure of
its end parent structurea-Al.O3 and a-Cr.03 [19]. Within this lattice, AI** and Cr3* cations
occupy octahedral sites and are arranged crystallographic site and enabling compositional
tuning without disrupting the structural integrity. One of the most striking features of this
system is its wide band gap tunability, which allows the bandgap tunability from
approximately 3.4 eV in the a-(AlxCrx)203 at (x=0) to 5.3 eV (x = 1). This broad optical
window not only ensures excellent transparency in the visible region but also ranks among
the largest bandgap tunability ranges reported for Cr-based oxide systems to date. The
ability to tailor the bandgap across such a wide spectrum without compromising structural
coherence is a rare and valuable trait for TCO design. Furthermore, the system displays
full solid solubility between a-Al203 and a-Cr.O3 and avoiding the common challenge of
immiscibility or secondary-phase formation compared to that of many other oxides. This
full miscibility enables precise control over stoichiometry and dopant distribution, thereby

enabling property optimization across the entire compositional range.

Moreover, crucial advantage that lies in the valence band structure of o-(AlxCr-
x)203 was studied by computational based studies such as DFT and experimental
investigations via photoelectron spectroscopy (PES) have shown that the VBM is
predominantly derived from Cr 3d orbital and hybridized with O 2p orbital. The
substitution of Al introduces a higher degree of hybridization that allowed O 2p orbital
hybridization into the VBM which effectively delocalizes the holes and potentially
enhances their mobility. Therefore, this valence band engineering plays a pivotal role in
enabling p-type conduction and distinguishes this system from the parent a-Cr.O3 which
suffers from localized hole states. Additionally, material possesses exceptional thermal and
chemical stability and is inherited from its corundum structure which is highly desirable
for real-world device applications where stability under harsh conditions is a prerequisite.

Furthermore, the compatibility of this material with existing transparent semiconducting
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oxide materials technologies needs further supports its candidacy for integration into
optoelectronic and photovoltaic applications. These properties and advantages make o.-
(AlxCr1-x)203 as a promising platform for developing p-type TCOs with tunable band gaps
and can enhance the hole mobility through strategic doping approaches.

2.2 Research Gap and Motivation

The a-(AlxCrix)203 system has a lot of potential as a p-type transparent
conducting oxide but its current applicability is limited by a number of important scientific
questions that have not yet been resolved. Although it is a promising platform due to its
wide bandgap tunability (3.4-5.3 eV), structural compatibility, and full miscibility between
a-Al>03 and a-Cr203 the mechanisms governing its optoelectronic behavior, particularly
upon doping, remain unexplored. This results in a sizable research gap that requires

methodical study.

Understanding the impact of aliovalent doping, especially with divalent cations like
Ni2* and Mg?*, is one of the main knowledge gaps. Despite earlier research showing
effective p-type conductivity enhancement in related systems such as CuCrO, (by Mg?*
doping at Cr®* site) [12] and GaCrOs (by Ni?* doping at Ga* site) [16-19] whereas a.-
(AlxCr%)203 in such approaches have not been thoroughly investigated. Furthermore,
little is known about the conduction mechanisms in doped a-(AlxCr(1-x)203[19].
Temperature-dependent impedance and resistivity analyses are still needed to confirm
whether these dopants cause defect-mediated conduction, band-like transport, or localized
polaronic hopping. To optimize material performance for practical applications, this
knowledge must be established.

2.3 Doping Strategies Using Ni?* and Mg?* in a-(AlxCr-x)203

Introducing a small amount of doping of divalent cation (2+ charge) in place of a
trivalent cation (3 + charge) is a classical way to create acceptor defects that are holes in
the oxides. Both Ni (I1) (69 pm) and Mg (11) (72 pm) are promising acceptor dopants for
AICrOs due to their compatible chemistry and ionic radii. The idea is when Ni?* and Mg?*
replace AI** in the AICrOs lattice, where deficiency of charge compensated by Cr by

converting Cr¥* to Cr* which effectively donates a hole. The net effect is contributed to p-
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type conductivity. The mechanism is an analogous to CuCrOz (Mg?* on Cr®*) which
resulted in holes on O/Cr & boosted conductivity [12] and Ni doped GaCrOs (Ni?* on Ga*")
which achieved p-type conduction as reported [16-17].

2.3.1 Nickel (11) doping (Ni*?)

NiO is highly explored p-type oxide semiconductor, where Ni often exists partly
Ni%* state to provide holes. In the context of Ni?* has an ionic radius of (~0.69A in
octahedral coordination) that is reasonably close to that of Cr* (~0.62A) and AIF*
(~0.53A). Although slightly larger, small amounts of Ni?* can be expected to substitute
into the corundum lattice without severe strain. Further, with Ni substitutes into AICrOs;
the possible electronic configuration scenarios would be that Nickel stays as Ni* and
nearby Cr®* is oxidized to Cr**, which would indicate that a hole is now on the Cr site

making the material p-type.

Therefore, Ni doping is expected to introduce holes. In other hand, one must be
caution of Ni is doped in too high concentration, it may lead to form its own phases like
NiO or NiAl204 or lead to mid-gap impurity band that could enhance conductivity but also
cause sub-gap absorption. Thus, Ni doping will be kept at a moderate level of a few atomic

percent to ensure single-phase transparent materials.
2.3.2 Magnesium (I1) doping (Mg?*)

Magnesium is a non-transition metal with a 3s? configuration and no d orbital.
Mg?* has an ionic radius of ~0.62A in octahedral coordination similar to Ni%* and slightly
larger than Cr®*. It is well known as an acceptor dopant in various semiconductors like
CuCrO2, Mg doping method highly effective in generating holes. When Mg?* substitutes
for Cr¥* /A" in AICrOs, it cannot undergo further oxidation of Mg®*, which is extremely
unstable, so charge compensation must occur by oxidizing the surrounding lattice. Another
consideration is that Mg doping is an alkaline earth metal, we ensure that Mg-doping in
AICrOz remains within solubility to avoid secondary phase MgO or Mg (Cr,Al)204. The
expected outcomes, to incorporate Mg into the lattice & activate holes to increase p-type

conductivity.
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In summary, Ni2*/Mg?* were selected as dopants for AICrOs due to successful use
in analogous system of Ni doping in GaCrOs [16] and Mg doping in CuCrO2[12], their
ionic compatibility with host and their potential to generate holes, by pursing both, we also
gain the opportunity to compare a transition metal acceptor vs alkaline earth acceptor in
some hosts which deeper the understanding of how different dopants influence p-type

oxide properties.
2.6 Objectives of the Thesis

Based on the identified research gaps and the promising characteristics of a-
(AlCr1-x)203 material as a p-type TCO host and the specific objectives of this thesis are

outlined as follows:

Obijective 1: To investigate the effect of Ni?* doping at the AI** site in AICrOs (a-Al,-
«NixCrOs and 3, x = 0.00, 0.005, 0.01, 0.015 and 0.02) on structural, optical, and electrical
properties, aiming to enhance p-type conductivity through partial substitution and valence

band modulation.

Objective 2: To explore the role of Mg?* doping at the AI** site in AICrO3 (Al;..Mg.CrO;
x=0.00, 0.005,0.01,0.015 and 0.02) for achieving p-type behavior by introducing acceptor
states, while evaluating changes in band structure and transport characteristics using solid-
state synthesized polycrystalline samples. Emphasis is placed on the role of partial
Ni2*/Mg?* substitution in modulating the valence band structure to enhance hole
concentration and improve p-type conductivity. Comprehensive characterizations were
performed using synchrotron XRD with Le-Bail refinement, UV-Vis diffuse reflectance

spectroscopy (DRS), and complex impedance spectroscopy (CIS).
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Chapter 3
EXPERIMENTAL METHODOLOGY
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3.1 Materials and Reagents

In our study, the method was employed to synthesize undoped AICrOsz and its Ni-
and Mg-doped variants (a-Al;-BxCrOs, where B = Ni, Mg, and 0 <x <0.02). The synthesis
approach was optimized through stoichiometric precursor weighing. The sample was
manually ground using a mortar and pestle, followed by ball milling. A high-temperature
calcination process ensured phase formation. For densification, sintering was performed.
Detailed procedures are outlined in the following sections. Thereby, we investigate the

structural, optical, and electrical properties by various characterization.

For synthesis of single phase polycrystalline a-Al;«Ni,CrO; and Ali.xMg,CrOs3,
high-purity Aluminium Oxide (a-Al2O3, 99.997%, Alfa Aesar), Chromium (111) Oxide
(Cr203, 99.97%, Alfa Aesar), Nickel (1) Oxide (NiO, 99.99%, Alfa Aesar), and
Magnesium Oxide (MgO, 99.95%, Alfa Aesar) served as the primary precursors.
Stoichiometric proportions were calculated to achieve the general formula, for Ni-doped is
Al Ni,CrOsz and Mg-doped is Al;..Mg:CrOs, where x =0, 0.005, 0.01, 0.015, and 0.02 for
respectively. The appropriate amounts of powders were calculated according to equations
3.1and 3.2.

For Ni doping: (1-x) AbO3 + Cr203 + 2xNiO —  2AlNi.CrO; 3.1
For Mg doping: (1-x) Al2O3 + Cr,03+ 2xMgO —  2Al1,.,Mg,CrO3 3.2
Two separate syntheses were considered as part of our work for comparative analysis:

e Synthesis 1. Ni-doped AICrOs i.e., a-AlixNiiCrOs3 samples at different
concentration levels (x=0.00, 0.005,0.01,0.015 and 0.02) synthesized and labelled
as ACO, ACONi05, ACONi10, ACONil5 and ACONi20 respectively.

e Synthesis 2: Mg-doped AICrOs i.e., a-Ali.:Mg.CrOs: samples at different
concentration levels (x = 0.00, 0.005,0.01,0.015 and 0.02) synthesized and labelled
as ACO, ACOMg05, ACOMgl10, ACOMgl5 and ACOMg20 respectively.
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3.2 Synthesis of AICrOs and Doped Compositions
3.2.1 Solid-State Synthesis Procedure

The synthesis procedure followed for preparing samples is illustrated in Figure 3.1. Each
step in this process is very important to ensuring the synthesis of single-phase

polycrystalline samples and repeatability. The procedure for synthesis as follows:
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Figure 3.1: Schematic of the solid-state synthesis

(a) Manual Grinding and Homogenization of Precursor

Firstly, according to the stoichiometric ratio, weighing of the samples was carried
out, thereafter for homogenization of the weighed powder, manual mixing was done using
a mortar and pestle. This manual powder grinding step provides initial homogenization
mixing, and breaking the bulk particles and making them fine, which enhances the uniform
distribution of precursor powder throughout. Moreover, this uniform distribution of
powder particles at the very beginning stage is crucial as it facilitates uniform diffusion

during high-temperature treatment and provides in the synthesis of pure sample [20].
(b) Planetary Ball Milling

In addition to the manual mixing, to further improve homogenise precursor mixing
and particle refinement, the grounded powder was subjected to planetary ball milling in
isopropyl alcohol (IPA), using zirconia balls as the grinding media. This, wet ball milling

was carried out at 200 rpm with alternating cycles of 30 minutes of rotatory ball milling
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and 5 minutes of rest, for a total duration of 13 hours. Hereby, the use of IPA as a liquid
medium helps to minimizes heat generation and promotes deagglomeration along with
better dispersion of particles during ball milling. Followed by the ball milling, the slurry
was dried under ambient conditions to ensure the complete evaporation of IPA. The
resulting fine and homogeneous powder is essential for producing phase-pure materials,

this powder again grounded using mortar and pestle for 30 min.
(c) Calcination

The grounded powder was then transferred into alumina crucibles and kept for
calcination in a programmable box furnace at 1500 °C for 24 hours, following the
procedure reported by R. Jangir et al. for synthesizing single-phase polycrystalline o-
AICrOs. Calcination is a thermal treatment process that involves heating solid materials to
high temperatures, often below their melting points and in the presence of a limited supply
of air or oxygen. This process plays an important role in driving off volatile components,
including thermal decomposition and causing phase transitions. In this process, the reactant
powders mix and react chemically with each other in the high-temperature atmosphere.
Mixed samples are taken in the alumina cylindrical crucibles and put inside the furnace for
calcination, as shown in Fig 3.1 The temperature program set for the box furnace is
illustrated in Figure 3.2. Calcination plays a vital role in the solid-state reaction route and
serves multiple critical purposes as it facilitates solid-state diffusion between the
constituent oxides results in the creation of the targeted a.-AlICrOs pure phase and removes
volatile products [21].

1500 °C for 24 hrs. 4°C/min

[

4°C/min

Normal Cooling

Room temperature Room temperature

»

Figure 3.2: Schematic of the box furnace program to carry calcination.
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The prolonged dwell time of 24 hours was chosen to guarantee sufficient diffusion
and to avoid the formation of undesirable secondary phases such as spinel-type NiCr2O4 or
MgCr204 impurities which can arise result of incomplete reaction conditions. After
calcination, the resulting material was naturally cooled and reground using a mortar and
pestle. This step eliminates any large agglomerates formed during calcination and improves

powder uniformity helps not having any cracks while making pellet preparation.

(d) Pellet Making for Sintering

To improve the mechanical strength of the pellets during handling, two drops of polyvinyl
alcohol (PVA) (3 wt% PVA in DI water) solution were added to the calcined powder. PVA
acts as a temporary binder, which helps to hold the powder particles together and provides
sufficient strength before sintering. It is widely used in solid synthesis processing because
it evaporates completely during heating around at 500°C in box furnace for 4 hrs leads
without leaving any residue or affecting the chemical composition of the material [54].
The binder mixed powder was then pressed into circular pellets with a diameter of 15 mm
using a uniaxial hydraulic press. A pressure of 5 tons was applied for 2 minutes using a
steel dye to ensure proper compaction. Uniform and sufficient pressing is important to
achieve consistent density, reduce the chances of cracks, voids, or surface defects, and
prepare the pellets for high-temperature sintering. Thereby, the pellets underwent sintering
at 1600°C for a duration of 12 hours in a box furnace as shown in Figure 3.3. This sintering
step important as it promotes densification of particle and crystal growth, this temperature
and time ensure that forms completely without any secondary phases. After sintering, the
top and bottom portions of the pellets were carefully cut off using a diamond cutter. These
outer surfaces were likely in contact with the alumina crucible during high-temperature
treatment and may have experienced diffusion small amount of alumina at the surface and

may have contamination at the top and bottom side. To ensure the accuracy and reliability
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of the characterization results, both the upper and lower faces of the pellets were polished

to remove any impurities, uneven textures, or surface defects.

1600 °C for 12 hrs.

[

4°C/min

4°C/min

Normal Cooling

Room temperature

Room temperature

—>

Figure 3.3: Schematic of the box furnace program to carry sintering.

The central region of each pellet, which was expected to be the most uniform was
then sliced into thin discs of approximately 0.65 mm thickness. These thin and polished
samples were used for various characterization techniques, including synchrotron-based
X-ray diffraction (XRD), complex impedance spectroscopy (CIS), diffuse reflectance
spectroscopy (DRS), Seebeck coefficient measurements, and photoelectron spectroscopy
(PES). Maintaining uniform thickness and a smooth surface is essential to ensure
reproducibility in all measurements and to avoid any inconsistencies caused by surface

roughness or contamination, especially in optical and electrical characterizations.
3.3 Characterization Techniques
3.3.1 Synchrotron-Based Powder X-ray Diffraction (XRD)

X-ray diffraction (XRD) is employed to investigate crystal structures, detect
different phases, and measure lattice parameters in crystalline materials. In this study, XRD
measurements were employed to confirm the phase formation of single phase
polycrystalline AICrOs phase and to analyse structural changes induced by Ni- and Mg-
doping. High-resolution powder XRD patterns were obtained using synchrotron radiation
of Beamline-11 (Extreme Conditions Angle Dispersive/Energy Dispersive XRD) at the
Indus-2 synchrotron source, located at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, M.P., synchrotron equipped with a 1.5 T bending magnet, and the

synchrotron ring operates at an electron energy of 2.5 GeV with a peak current of 200 mA,
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and a beam lifetime of approximately 24 hours, offering a stable and intense X-ray source
ideal for structural studies. A Si (111) channel-cut monochromator was employed to select
the desired monochromatic X-ray wavelength from the synchrotron’s white light. The
selected beam was focused onto the capillary-mounted powder sample using a Kirkpatrick-
Baez (K-B) mirror, which ensures optimal beam convergence and intensity. The powdered
sample was filled into capillaries and exposed to synchrotron radiation of wavelength
0.4895 A. A MAR345 area detector was utilized to record the two-dimensional diffraction

images.

To ensure accurate data interpretation, calibration of the sample-to-detector
distance and the incident wavelength was performed using NIST standard reference
materials CeO». The resulting 2D diffraction images were processed and integrated into 1D
intensity Vs 260 (degrees) profiles using FIT2D software, which enabled further analysis of

unit cell dimensions and peak positions.
3.3.2 Le-Bail Fitting Analysis

The Le-Bail fitting technique was used to refine the lattice parameters extracted
from the powder diffraction profiles. Unlike the Rietveld refinement, Le Bail fitting does
not require an assumed structural model, making it particularly advantageous for systems
where the extract crystal structure may be unknown or partially understood. It focuses on
fitting the observed diffraction peak positions and intensities to extract unit cell parameters
with high precision. The analysis involves indexing the peaks, determining the space group
symmetry based on systematic absences and reflection conditions, and refining the unit cell
parameters by matching the calculated pattern with the observed diffraction data. The
obtained data of XRD patterns all samples were analysed using FullProf software, with Le
bail fitting. The structure model used was rhombohedral corundum (space group R-3c).
The lattice parameters (a and c), and weighted profile (Rwp) Were less than 10% and 2
values nearly 1 to ensure fitting reliability. Refined lattice parameters were noted for each
sample, and systematic changes in cell dimensions with doping were analysed to confirm

successful substitution at the Al site.
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3.3.3 Diffuse Reflectance Spectroscopy (DRS)

DRS is awidely used optical characterization technique for analysing materials that
are difficult to study using conventional absorption or transmission methods [22]. In this
work, DRS was employed to investigate the optical absorption behaviour and band
structure modifications induced by Ni- and Mg-doping in AICrOz. The measurements were
carried out on pellets that had been finely ground and polished, utilizing a UV-Vis-NIR
spectrophotometer equipped with an integrating sphere to capture diffusely reflected light
over the 200-1200 nm wavelength range. When light interacts with a material, it may be
absorbed, transmitted, or reflected; diffuse reflectance spectroscopy (DRS) specifically
examines the portion of light scattered in multiple directions from the sample surface. The
resulting DRS data are interpreted using the Kubelka-Munk function, which links the
diffuse reflectance to the material’s absorption and scattering properties. Unlike standard
transmission spectroscopy, where the band intensity directly correlates with concentration,
DRS does not exhibit a straightforward linear relationship between reflected intensity and
concentration. As a result, the Kubelka-Munk equation provides an empirical approach to
relate the concentration to the intensity of diffusely reflected light, making quantitative

analysis possible. The Kubelka-Munk equation [23] is expressed as:

2
fray= Sl = 2= T >
Here, C denotes the sample concentration, K represents the absorption coefficient, S is the
scattering coefficient, and f(Rx) refers to the Kubelka—Munk function. R, stands for the
absolute reflectance of the sample layer, which is measured as the ratio of the sample’s
diffuse reflectance to that of a non-absorbing reference such as KBr or KCl at a depth where
further increases do not affect the reflectance. The molar absorption coefficient (k) is
related to the proportion of light transmitted through the sample, while the scattering
coefficient corresponds to the fraction of light scattered diffusely. This analysis allowed
for the evaluation of bandgap changes due to doping [24], and for understanding the
modification of the electronic structure with substitutional incorporation of Ni**or Mg?* at

the AI®* site.
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3.3.4 Complex Impedance Spectroscopy (CIS)

The CIS method was utilized to study the electrical transport characteristics of both
undoped and doped AICrOs a wide bandgap semiconductor. CIS is a widely used technique
for analysing frequency-dependent electrical behaviour in ceramics, as it enables
distinguishing the effects of grains, grain boundaries, and electrodes effects [25]. In this
study, CIS measurements were performed on polished 0.65 mm thick pellets to analyze the
electrical properties on all synthesized compositions, including ACO (undoped), ACONIi05
to ACONi20, and ACOMg05 to ACOMg20. Prior to measurements, silver paste was
applied on both surfaces, one side fully coated, the other in a defined circular contact region
(~2.5 mm radius). The pellets were then dried at 400°C for 4 hours to ensure proper
adhesion of the silver electrodes. The measurements were conducted using a precision LCR
meter in the frequency range of 100 Hz to 1 MHz, across a temperature range from room
temperature up to 90 K to ~480 K. Low temperature was achieved by using liquid nitrogen,
and frequency-dependent measurements were recorded across the temperature range. The
pellets were placed in a custom-built sample holder and maintained vacuum of ~3.2x1073

mbar.

The complex impedance data were recorded in terms of real (Z') and imaginary (Z")
components of the impedance. From this, Nyquist plots (Z" vs Z'), Z" vs frequency plots,
and electric modulus (M") vs frequency plots were generated to analyse relaxation
dynamics and conduction mechanisms. The total impedance response was interpreted
using both impedance (Z) and electric modulus (M) formalisms to separately assess grain
and grain boundary contributions [3]. To extract the resistance and capacitance parameters
of the materials, the data were fitted using equivalent circuit models, and constant phase
element (CPE) combinations for grain and grain boundary regions. Fitting was performed
using EC-Lab software. The temperature-dependent resistance values (R) and relaxation
frequencies (fmax) Were further analysed using the Arrhenius relation to calculate the
activation energy (E.) for the conduction process [25].
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This approach enabled a comprehensive evaluation of the electrical charge
transport behaviour and confirmed the influence of Ni and Mg doping on grain

conductivity, grain boundaries, and relaxation dynamics.
3.3.5 Seebeck Coefficient Measurement

This method relies on the thermoelectric (Seebeck) effect to identify whether a
semiconductor material exhibits p-type or n-type conductivity. The principle behind
determining the type of semiconductor using the thermoelectric effect hinges on the nature
of charge carriers in the materials. In our work, two probes, a hot probe and a room
temperature (Cold) probe, are placed on the semiconductor surface. The hot probe creates
a temperature gradient, which makes charge carriers move towards different probes and
leads to the generation of voltage differences between the probes. The polarity of this
voltage is important to determine the type of charge carrier present in the semiconductor.
A positive voltage at the hot probe indicates a p-type material, while a negative voltage at
the hot probe suggests as an n-type material. The relationship between generated voltage

(V), Seebeck coefficient (S), and the temperature difference (AT) is
V=8 x AT 3.4

The Seebeck coefficient varies depending on the doping in the material [26]. Being the
simplicity of the technique, the hot probe method is a powerful tool in semiconductor
research and device fabrication using a p-n junction. Also, accuracy in this technique
depends on the uniformity of the material, precise control of the temperature gradient, and

sensitivity of the voltage measurements.
3.3.6 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy is employed to examine the electronic structure of
material. In our work, the sample material is bombarded with photons, and electrons are
emitted from the surface of the sample with some Kkinetic energy. The energy of these
emitted electrons is directly related to their binding energies within the materialwhich
reveals’ details about the surface’s electronic structure and elemental composition. The
binding energy is a unique identifier of each element and the chemical state and is

calculated using expression: [27]
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Epinaing = h — Exinetics — ¢ 3.5
where, @ is the spectrometer’s work function, Exinetic 1S is the Kinetic energy of the emitted
photoelectron. With the advancement in technology, PES has witnessed improvements in
photon sources such as synchrotron radiation, which provides a broad spectrum of high-
intensity light, which not only enhances the resolution but also leads to an increase in the
sensitivity of the technique.
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Chapter 4

Results and Discussion
of Ni-Doped AICrO;
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4.1 Introduction

As highlighted in the previous chapter, systematic studies focusing on p-type
doping in Aluminum Chromium Oxide (a-AlCrOz) remain unexplored. Driven by the
objective of discovering new and efficient p-type TCO materials, the present research was
structured around clearly defined objectives. This chapter is dedicated to Objective 1,
which involves synthesizing and comprehensively characterizing Ni-doped a-AlCrOsz (Al1-
xNixCrOs) through the solid-state reaction method. Subsequent sections of this chapter
provide detailed investigations into how nickel incorporation influences the structural,
optical, and electrical characteristics of a-Al1xNixCrOs. We employed SXRD for structural
analysis, Le-Bail fitting for lattice parameter extraction, CIS for electrical properties, DRS
for optical properties, Seebeck coefficient measurements for confirming n-type or p-type

semiconductors, and PES to investigate electronic structures.

Nickel was specifically selected as the dopant primarily because of its divalent state
(Ni?*), which can introduce acceptor states when doping for the trivalent aluminum ions
(AIF") in the a-AlixNixCrOgz crystal lattice. Additionally, the ionic radius of Ni?* (0.69 A)
is intermediate between those of AI** (0.54 A) and Cr3* (0.76 A). This favorable ionic size
compatibility facilitates effective solubility of nickel within the corundum-structured o.-

Al1xNixCrOz lattice, thereby minimizing structural distortions or lattice strain.

To systematically evaluate the impact of Ni-doping, compositions represented by
the general formula o-AlixNixCrOs were synthesized, with varying Ni-doping
concentrations of x = 0, 0.005, 0.01, 0.015, and 0.02. These samples are referred to
hereafter as ACO, ACONIi05, ACONi10, ACONi15, and ACONi20, respectively. The
synthesis was conducted via the solid-state reaction route, as previously outlined in detail
in Chapter 3. The findings discussed throughout this chapter will offer insights into the
relationship between nickel doping concentration and the resulting changes in structural
and electrical properties that ultimately enhance our understanding of a-Al1-xNixCrOs as a

promising candidate for p-type candidate for TCOs and optoelectronic applications.
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4.2 Synchrotron-based X-Ray Diffraction (SXRD) Analysis
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Figure 4.1: X-ray Diffraction (XRD) Analysis of a-Al1xNixCrOs;

To investigate phase formation and crystal structure in the series of Ni-doped o-
AICrOs i.e., a-AlixNixCrOz (x = 0.00, 0.005, 0.01, 0.015, and 0.02) SXRD data were
recorded, using a monochromatic beam with wavelength of 0.4895A on beamline BL-11
of the Indus-2 synchrotron source (RRCAT, Indore). Figure 4.1 shows the diffraction
patterns of a-AlixNixCrOs compositions (0 < x < 0.02), which are indexed to a

rhombohedral R-3c space group, consistent with previous reports with a-AICrOz [19].

No secondary diffraction peaks were observed up to x = 0.01, revealing that the
successful incorporation of Ni?* into the Al-site within the solubility limit. However, for x
> 0.015, weak secondary phases (marked with asterisks symbol “*”) emerged in the
diffraction pattern, may be due to solubility limit or phase segregation effects. Despite these

trace impurities, the major diffraction peaks are still representative of the R-3c lattice,

33



showing that the corundum structure still exists and that Ni>* has been incorporated into

the AICrOz matrix successfully.

Figure 4.1 (b-c) shows magnified regions of minor secondary peaks observed at a
higher doping level, possibly arising from secondary peaks. Figure 4.1(d) observed that
peak shift towards lower 20 values with increasing Ni?* doping concentration. A systematic
leftward shift in Bragg reflections such as (104) and (110) was observed with increasing
Ni2* content and this peaks shift is attributed to the substitution of smaller AI** ions (0.54
A, VI coordination) by slightly large Ni?* ions (0.69 A, VI coordination), which induces

local strain and lattice distortion.

4.2.1 Le-Bail Fitting Analysis

L] v LI ¥ LI T T T L) T T T T T T T T
@ ACO ¥ (obs) £ (b) ACONI05 Y (obs) ] (© ACONi10 Y (obs)
= Y(cale)
Y(obs)-Vicale) ]
| Bragg peaks

= Y(calc) = Y(calc)
Y(obs)-Y(calc) Y(obs)-Y(calc)
| Bragg peaks | | Bragg peaks

Ryp=649% | Ry,=539% R, =6.22%

P

Intensity(arb. units)
Intensity(arb. units)
Intensity(arb. units)

l ﬂ Ll bl

| L L U N R RTTR LI T BT

T B R T AN AR TR AR AT IL R L f PEOCE O O e o wm e

3
20 25 30 35 L
20 (deg) s 10

L
20 30 s 10 20 3 s
20 (deg) 20 (deg)

3 T T T T T T T T T T T
@) g ACONil5 Y (obs) (© ACONi20 Y (obs)
— Y(calc) E
Y(obs)-Y(calc)
| Bragg peaks

3 s

— ¥(calc) 4 §—F
Y(obs)-Y(cale)

| Braggpeaks §  gsssf — X s

” —=aAd) 1334
R, =475% —a-c(A)

Ryp=659% 3

Intensity(arb. units)
Intensity(arb. units)

(T A R A T AN AR TR RA U T TR

[ R O TR N AR TR MR R EITR 41329
s F

» 4860

30 3

20 28 30 38 - 1 1 1
20 (deg) s 10 0.000 0.005 0.010 0.015 0.020

20
20 (deg)

Figure 4.2 (a-e): Le-Bail fitting profile of synchrotron XRD data for OL-All.leixCI'OQ,, x = 0.00,
0.005, 0.01, 0.015, and 0.02) samples using FullProf suite software. The fitting confirms the R-3c
phase group across all doping compositions. (f) Variation of refined lattice parameter (a, ¢) as a

function concentration in o-Al1.xNixCrOs.

To quantify the structural changes due to Ni doping Le-Bail fitting [28] was
performed using FullProf Suite software [29]. The fitting was carried out by assuming the
R-3c phase group, with constraints o =3 =90°, y=120°, and a =b # c, for all compositions
in the a-AlixNixCrOz series. Figure 4.2 (a-e) displays Le-Bail fitting profiles for all

samples. The refinement carried out provided excellent agreement between calculated and
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experimental data, yielding Rup values below 10% and > values close to unity, validating
the good-fit to the structural model with no evidence of structural phase transitions. The
small impurity peaks observed earlier did not significantly affect the quality of the
refinement. The lattice constants ‘a’ and ‘c’ were obtained through Le-Bail refinement and
plotted against Ni?* content, as illustrated in Figure 4.2(f). And it was clearly observed an
increase of lattice parameter with the incorporation of Ni?* doping. This is significantly
due to the larger ionic radius of Ni?* compared to AI** and confirms the expected lattice

expansion due to the ionic size mismatch.

4.3 Diffused Reflectance Spectroscopy (DRS) Analysis
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Figure 4.3: DRS of a-Al1xNixCrOs plotted as a function of Kubelka-Munk versus Energy (eV) for

all samples.

To understand the optical properties of synthesized material, the DRS analysis was
carried out using Kubelka-Munk function, as mentioned in equation 3.3. Figure 4.3
displays the F(R) versus energy (eV) plot for all the samples, showing several distinct
transitions in Ni-doped AICrOs aligning with those reported by R. Jangir et.al in their study
on optical structural properties of AlCrOs [3]. The absorption features detected at 2.11 eV,
2.86 eV, 4.05 eV, and 5.09 eV are attributed to the electronic transitions *Azg —*Tag, “Azg
—4T1g, Cr tyg—eg* and Ozp—Cr d*, and O 2p — Cr d*, respectively[30-31] It is widely
recognized that the splitting of the d-orbitals in a-Cr.0;s leads to an optical band gap of

35



approximately 3.4 eV [30,31]. However, with the substitution of Al, the absorption peak
was observed at ~4.05 eV in DRS spectra of a-AlICrOs (ACO)and Ni-doped a-AlCrOz. It
can be observed that all the peaks of corresponding to ACO and Ni-doped samples
indicates that bandgap energy was unchanged. Furthermore, no shift in peak positions with
increased Ni-doping in a-AlCrOs was observed, indicating that Ni-doping does not alter

the electronic band structure.

4.4 Complex Impedance Spectroscopy (CIS) Analysis

To explore how the electrical properties change with both temperature and
frequency, complex impedance spectroscopy (CIS) was performed on all samples.
Measurements covered a frequency range from 100 Hz to 1 MHz and temperatures between
90 K and 480 K. CIS is a versatile method for probing the electrical behaviour of materials
across broad frequency and temperature ranges [25]. This method is particularly useful for
separating the effects of the bulk material, grain boundaries, and electrode interfaces within
a system. However, interpreting data to differentiate between long-range conductivity
(delocalized charge transport) and localized dipole relaxation remains challenging. Both
localized and delocalized conduction mechanisms originate from bulk processes, resulting
in identical geometric capacitance values. To address ambiguity, the imaginary impedance
component (Z") is particularly useful for identifying resistive pathways (e.g., grain
boundaries), while the imaginary modulus component (M") excels in highlighting localized

relaxation phenomena.

RG RGB

C G C GB

Figure 4.4: Schematic representation of an equivalent circuit illustrating the distinct electrical

responses of grains and grain boundaries in polycrystalline materials.

The total impedance (Z*) corresponding to the circuit shown in Figure 4.4 can be expressed

as follows:
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7t = 7'+ jz" 4.1

= ( )+ ( )

R; + jw(Cq Rgp + jwCgp
where, Re and Rcg represent the DC resistances of grains and grains boundaries,
respectively, while Cs and Ceg denote the corresponding capacitance.

The real (Z) and imaginary (Z") components of the CIS data can be determined as:

Rg Rgp 4.2

Z' = +
1+ (wR;C;)? 1+ (wR;Csp)?
And
o _ wRGCq wRGBCGB 4.3
Z" = Rg (1+(wRaCa)2) Rg (1+(wRGBCGB)2)

The electric modulus (M*) is related to the complex impedance (Z*) by the following
relationship:

M*= joCoZ* 4.4
where, Co represents the geometrical capacitance, also known as vacuum capacitance. The
real (M’) and imaginary (M”’) parts of the complex modulus are derived as:

MI= &( (CURGCG)Z ) &( ((DRGBCGB)Z ) 45
Ce \1+ (wRgCg)? Cgp \1+ (wWRgBCgR)?

And for the imaginary component:

M = &( (wRGCg) ) &( (wRGBCGB) ) 4.6
C¢ \1+ (wRCg)? CeB \1+ (wRGBCGB)?

To obtain complete information about the studied material, it is essential to determine the
value of each component (R and C) in the circuit. A combination of the impedance and
modulus formalisms is used to achieve these values in the best manner. Each parallel RC
element is represented by a semicircle in the complex plane (2’ vs. Z’; M”’ vs. M”) and
appears as a Debye peak in the spectroscopic plot of the imaginary component (2°°, M’
vs. log f). The frequencies corresponding to the peak maxima in the plots of M”* and Z*’
are governed by the following equation:
2nfmaxRC =1 4.7

In the Nyquist plots of Z*” vs. Z’, two semicircles can be observed, corresponding to
different elements of the circuit. The semicircle associated with the grain boundaries which

is typically larger than that for the bulk (grains). Impedance plots give the most emphasis
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to the elements with the largest resistance (grain boundaries), whereas modulus plots
highlight those elements with the smallest capacitances (grain).

In the Z" vs frequency plots were plotted for all the samples as shown in Figure 4.5.
Notably, in undoped AICrO3z (ACO) sample, only a single dominated relaxation peak is
observed throughout measured temperature and frequency range. This pattern suggests that
a dominant conduction mechanism is primarily responsible for the observed dielectric
relaxation process, which is largely influenced by the presence of grain boundaries in the
material [32]. This type of conduction mechanism can be understood by short-range
conduction mechanisms that occur because of localized movement of charge carriers over
atomic-scale distances. Small polaron can be associated due to different mechanisms such
as the hopping between adjacent sites or local dipole orientations, or defect dipole
relaxations. In undoped ACO available charge carrier transport dominated by small polaron
which is highly localized, resulting in short-range hopping conduction confined to grain
boundaries. These regions act as potential barriers that dominate the overall impedance
response, while the bulk region remains highly resistive and electrically inactive over the
accessible frequency range for undoped sample. On other hand, Ni-doping in AlICrO3 that
is Ni?* — AI* sites, lead to localized charge imbalance. This imbalance is often
compensated by changing of Cr** oxidization state, which acts as donor-type defects. These
defects increase the density of available charge carriers and lower the potential barrier at
the grain boundaries. More importantly, they also enhance the electronic overlap between
Cr 3d and O 2p orbitals, enabling long-range carrier delocalization through polaron
hopping across multiple lattice sites which is nothing but long-range conductions. This
occurs because of charge transport over multiple atomic distances including across grains.
The Ni-doped samples display two distinct Z” peaks, the low-frequency peak remains
associated with grain boundary conduction, while the high-frequency peak emerges due to

enhanced bulk (grain) conductivity respectively.
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Figure 4.5 (a-e): Frequency-dependent imaginary(Z”) plot for ACO, ACONi05, ACONIi10,
ACONI15 and ACONI20 samples at various temperature, showing characteristic peaks shifting
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shifts toward higher frequencies as the temperature rises.

To understand the effect of temperature dependance/independence of relaxation
times, scaling analysis of impedance plotted as shown in Figure 4.6. The imaginary part of
impedance Z" was normalized with its respective peak value (Z"/Z"max), and frequency was
scaled with the corresponding peak frequency (f/fmax) for each temperature. t was found
that, across the entire temperature range studied, all the normalized Z" spectra overlapped
and formed a single master curve. This temperature-independent master curve strongly
suggests that the underlying relaxation dynamics are governed by a single mechanism,
independent of thermal excitation [33]. Thereby, the fundamental charge transport
mechanism remains the same while the characteristic relaxation time varies with
temperature. The formation of a master curve implies that Ni-doping does not alter the type
of carrier relaxation mechanism but rather affects its rate through structural and electronic

modifications such as lattice parameters and carrier density.
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Figure 4.6 (a-e): Scaled Z”/Z” max Versus f/fmax plot for the same undoped ACO and ACONi doped
series, demonstrating temperature-independent relaxation behavior via perfect single master curve

overlap.
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Figure 4.7 (a-e) : Arrhenius plots of In(fmax) versus 1/KgT derived from Z’’ data, used to calculate

activation energies for grain & grain boundaries contribution in Ni-doped ACO samples.

Activation is crucial parameter to understand the conduction mechanisms as it

indicates energy barrier of charge carriers that must be overcome to participate in
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conduction mechanisms. In this study as shown in Figure 4.7, E, values were obtained for
all samples corresponding to grain and grain boundaries by fitting the temperature
dependence of the relaxation frequencies (f...) corresponding to the peaks observed in the
Z" vs frequency plots. By plotting In(f...) against 1/KgT and fitting the data with the
Arrhenius relation: fu.=foexp(-E/(KgT), was linearized to In(fmax) =In(fo)-(E/Kg)(1/T),
Here, fo denotes the pre-exponential factor, Kg stands for the Boltzmann constant, and T is
the absolute temperature [34]. The slope of each linear fit directly provides the activation
energy value, with the linearity of the plots confirming the thermally activated nature of
the relaxation processes. This method is effective for clearly distinguishing and
determining the activation energies associated with both grain and grain boundary

conduction mechanisms.

For all Ni-doped samples, two peaks were observed in the Z” spectra,
corresponding to grain and grain boundary relaxations respectively. Therefore, activation
energy was separately obtained for both conduction mechanisms. The linearity of the fitting
of the Arrhenius plots indicates that the relaxation mechanism follows a single thermally
activated process over the measurement range. The activation energy of single relaxation
in Z” spectra of ACO was obtained as 0.681 eV. The activation energy for grain relaxation
of ACONIi05, ACONi10, ACONi15 and ACONI20 obtained as 0.461 eV, 0.380 eV, 0.384
eV, and 0.414 eV, and for and grain boundary as 0.501 eV, 0.373 eV, 0.389 eV, and 0.414
eV, respectively. These results demonstrate a significant decrease in activation energy with
Ni doping, especially up to x = 0.01. The decrease in activation energy reveals enhanced
carrier mobility and hopping conduction. The slight increase of Ea at higher doping x =
0.015 and 0.02 may be attributed to defect interactions or limited solubility of Ni?* in the
lattice.

4.4.1 Modulus Impedance Spectroscopy

Modulus Spectroscopy is often useful for highlighting bulk (grain) relaxation processes,
especially when the grain boundary capacitance dominates in the impedance spectra
representation. The imaginary part of the modulus (M”) suppresses the effect of large

capacitances (like grain boundaries or electrodes) and emphasizes processes with smaller
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capacitances (like bulk dielectric relaxations). The Figure 4.8(a-e) shows M"’ vs frequency

plots for the a-Al1.xNixCrOz samples (x = 0.0 to 0.02).

The complex electric modulus, defined as M*(®w) = joCoZ*(w), where Co is
geometrical vacuum capacitance and o = 2xf is the angular frequency, serves as a powerful
technique for probing the dielectric relaxation and charge conduction mechanism within
materials. It was initially introduced to study the space charge relaxation phenomena [35],
and it has since become a standard method for analyzing ionic conductivities, particularly
for polycrystalline materials. The electric modulus M* formalism provides effective
representation of the intrinsic dielectric relaxation process and more particularly those
associated with the grain (bulk) material, by minimizing the influence of grain boundary

and electrode polarization effects.
The complex electric modulus, M*(w), is mathematically described as:
M* (@) =M’ (0) + ] M’ (®) 4.8

where M’(o) represents the real part and M’’(w) corresponds to the imaginary part

of the electric modulus.

In impedance spectroscopy, the height of each peak in the Z” versus frequency plot
is directly related to the resistance (R) of the corresponding RC circuit element. This
relationship allows for the identification and quantification of different resistive
contributions within the material, such as those from grains, grain boundaries, or
electrodes. Moreover, the modulus spectroscopy M” vs frequency (f) plots are proportional
to the reciprocal of the capacitance (1/C) for that RC circuit element. Therefore, the
fundamental difference, while in impedance plots emphasize features associated with high
resistance elements, whereas the modulus plots emphasize the elements with lower
capacitance, more typically bulk (grain) response of the material. By analyzing the
spectrum, both "grain™ and “grain boundary” impedances can be effectively separated [36-
40]. The modulus spectroscopy effectively suppresses information concerning grain
boundaries (and electrodes) effects, which generally have large capacitance compared to

the bulk. This makes it an essential tool for focusing on bulk (grain) properties.
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To further analyze these characteristics, temperature-dependent M” vs f plotted as
shown in the Figure 4.8(a-e) for a-AlixNixCrOz samples (ACO, ACONi05, ACONiI10,
ACONI15, and ACONIi20). The prominent relaxation peak confirms the presence of
conductivity relaxation process is thermally activated. The peak frequency position shifts
to higher frequency with the rise of temperature, providing insights into the transitions from
the short-range localized motion to long-range conduction of charge carriers. In the low
frequency range, charge carriers possess sufficient energy to hop between adjacent lattice
sites, thereby providing the long-range conduction across the grains (bulk). At higher
frequencies, charge carriers are restricted to their local potential wells, allowing only

limited, localized movement rather than long-range conduction [41][42].
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Figure 4.8(a-¢): shows the M” plotted across a spectrum of temperatures plotted against frequency
for a-AlixNixCrOs samples (ACO, ACONi05, ACONi10, ACONi15, and ACONiI20).

4.4.2 M" Scaling Behaviors Spectra: M'"'/M" ., vs f/fmax Master Curve

The imaginary component of the electric modulus, M’’, was divided by its
maximum value, M’ max, and the frequency axis was adjusted relative to the peak
frequency, fmax, at each temperature. The resulting master curves, presented in Figure 4.9
(a-e), show the plots of M”/M”max Versus f/fmax for all samples across the measured
temperature range. The complete overlapping of curves at different temperatures for each
composition depicts a temperature-independent relaxation mechanism. This overlap

confirms that the distribution of relaxation times and the shape of the relaxation function
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remain unchanged, although the absolute values of relaxation time and peak frequency shift
with temperature as expected for thermally activated processes. In other words, the
microscopic mechanism responsible for dielectric relaxation is likely due to thermally
activated hopping of localized charge carriers remaining the same throughout the studied
temperature range. Moreover, the shape of the normalized M" spectra appears symmetric
and relatively narrow, revealing that a quasi-Debye type relaxation mechanism, typically
indicative of a well-defined potential landscape for charge carriers within the grains, is
dominant. This observation is consistent with the earlier impedance analysis that revealed
well-separated grain and grain boundary responses and supports the idea that modulus
formalism effectively extracts the bulk (grain) contribution. From the master curve, further
the hypothesis that Ni-doping enhances carrier mobility without introducing new relaxation
mechanisms. Instead, it modifies the relaxation mechanisms frequency and activation
energy by altering the defect landscape originated by Cr3*/Cr** oxidation state, while
preserving the underlying relaxation dynamics. Such behavior is often observed in
perovskite and corundum-type oxides where aliovalent doping leads to improved charge
transport without disrupting the electronic structure [17]. In summary, the modulus scaling
behavior provides compelling evidence that the dielectric relaxation in Ni-doped AICrO3
is governed by a single, thermally activated mechanism, consistent with hopping
conduction in the bulk phase. The activation energies associated with the conduction
process in the material were obtained from the modulus (M") spectra. Figures 4.10 (a-e)
present the Arrhenius fitting of the In(furmax) versus 1/KgT plots, which was used to extract
the activation energy related to the relaxation behaviour. Samples ACO, ACONIO05,
ACON:I10, ACONI15, and ACONI20 show only one peak (Figure 4.7) in the M’ versus f
spectrum with the activation energies of 0.545 eV, 0.451 eV, 0.0.354 eV, 0.365 eV and
0.379 eV respectively. Activation energy drastically decreased upon doping up to x = 0.01

and slight increase in Ea observed with higher doping.
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Figure 4.9(a-e): Scaling characteristics in the imaginary electric modulus spectral analysis i.e.,
M”/M”max VS flfmax Tor all a-Al1xNixCrOs samples (ACO, ACONi05, ACONi10, ACONi15, and

ACONi20).
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Figure 4.10 (a-e): Arrhenius plots of In(fmax) versus 1/KgT derived from M’ spectra for all o.-Al..
xNi,CrO3z samples (ACO, ACONIi05, ACONi10, ACONi15, and ACONi20).

4.4.3 Nyquist Plot Analysis

Nyquist plots (Z” vs Z”) plots were plotted for wide range of temperature for all the

samples as shown in Figure 4.11 (a-e), the resulting curves exhibit two semicircular arcs
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for all compositions except the undoped sample. The high-frequency arc is attributed to the
response of the grain (bulk), whereas the low-frequency arc, which becomes more
prominent at elevated temperatures, is associated with grain boundaries. This dual arc
behavior clearly indicates that the dielectric relaxation is governed by two separate

mechanisms, one arising from the bulk and the other from grain boundaries.

To further assess the relaxation charge transport mechanism nature, the curves at
each temperature were scaled relative to the high-frequency arc of the lowest-temperature
plot. Notably, all the Nyquist curves across different ranges of temperatures collapsed into
a single master curve after normalization. This implies that the relaxation mechanism
remains temperature-independent, and only the time constants shift due to thermal
activation. Such overlapping behavior is a strong indication that the material follows a
consistent conduction mechanism, which can be modeled reliably across the full

temperature range.

The presence of two arcs with asymmetrical curves also suggests that relaxation
behavior deviates from an ideal Debye response. For an ideal Debye-like behavior, each
relaxation process would correspond to a perfectly symmetrical semicircle with a single,
well-defined time constant. In the present case, two peaks were observed, and this behavior
required the use of a more flexible model to account for non-ideal dielectric behavior. To
model such behavior with the equivalent circuit, with a constant phase element. In this,
each curve associated with grain and grain boundaries will be modelled as a parallel
combination of resistance and capacitance. The two CPE elements, one of the grains and
the other of the grain boundaries, are connected in series to reflect the total polycrystalline

material.

The CPE accounts for the deviation from ideal capacitive behavior and is defined by

the admittance expression [32-33]:
Y(CPE) =Q(jw)" = Quw™+jQpw™ 4.9
Qa = Qcos("/y) and Qg = Qsin("/,) 4.10
where Q is the constant related to the magnitude of dispersion, and n is the phase angle

exponent ranges from 0 to 1; with n = 1, the CPE acts as an ideal capacitor, while n = 0

corresponds to ideal resistive behavior. Intermediate values of n represent the degree of
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non-ideality, often due to surface roughness, compositional heterogeneity, or a distribution

of relaxation times.

The CPE was using EC-Lab software with the fitted parameters as follows same
for ACO are: The values of n values associated with grains and grain boundaries remain
0.90 £ 5% and 0.78 £ 5% for ACO samples and 0.86 + 5% and 0.83 + 5% for Ni-doped
samples. The values of values of Q for the grain and grain boundaries are identified as
21.77 £ 5% pF and 0.20 + 5% nF for ACO sample and 18.38 + 5% pF and 13.1 + 5% nF

for the Ni-doped samples within the studied temperature range.
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Figure 4.11(a-e): Nyquist plots (Z" versus Z") for ACO and Ni-doped ACO samples at various

temperatures, displaying semicircular arcs that correspond to the electrical response of grains and

grain boundaries.

For obtaining quantitative data, the resistance values of the grain (Rg) and grain
boundary (Ree) were extracted from the fitting of the equivalent circuit to the Nyquist
plots at different temperatures. These were further graphically depicted as In(R) vs. 1/KgT,
and the respective activation energies (Ea) were calculated by fitting
the resulting data to the Arrhenius equation:

Rax = Roe(Ea/KBT) 4.11

The extracted activation energies for each sample are shown in Figure 4.12(a-e).
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Figure 4.12(a-e): Arrhenius plots of bulk (Rg) and grain boundary (Reg) resistances, showing In(R)

as a function of 1/KgT for all investigated samples.

A notable reduction in activation energy is evident up to x = 0.01 of Ni doping
(ACONI10). This reduction trend of Ea reflects a clear enhancement in charge carrier
mobility within both grains and grain boundary conduction mechanisms. However, a slight
increase in activation energy is observed for ACONi15 and ACONIZ20, suggesting that
beyond optimal doping (x = 0.01), additional Ni doping may lead to defect clustering, phase
inhomogeneity, or possible segregation at grain boundaries, which can mildly hinder

carrier mobility. Even so, the activation energies at these higher doping levels remain

significantly lower than that of the undoped ACO sample.
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Figure 4.13: (a) Dependence of bulk (grain) resistance on temperature. (b) Change in activation
energy for samples with respect to varying Ni** content (X).

The value of Ro was determined by extrapolating the fitted linear plotsto T =0 K
as depicted in Figure 4.12(a-e). This corresponds to the intercept on the y-axis in the natural
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logarithmic form of the Arrhenius relation. Using values in equation 4.8 the resistance of
the bulk for a wide range of temperatures was extrapolitted for all the samples as shown in
Figure 4.13(a). All samples exhibited a decrease in resistance with increasing temperature,
which reveals that negative temperature coefficient of resistance (NTCR) and this behavior
strongly confirms the semiconducting nature of the materials [40]. The reduction in
activation energy with Ni doping, combined with NTCR behavior, clearly indicates that
the introduction of Ni enhances carrier mobility and activates thermally assisted hopping
conduction pathways within the material. The activation energy derived from three
formalisms such as Z”’, M” and Nyquist plot fitting , were plotted as a function of Ni-
doping concentration (x = 0, 0.005, 0.01,0.015 and 0.02). The comparative analysis plots
were shown in Figure 4.13(b), as activation energy on the y-axis and Ni?* concentration (x)
on the x-axis for all three methods. In all the three approaches, it was observed that
activation energy was decreased with Ni-doping and reaches minimum at x = 0.01
(ACONI10), which indicates the most efficient charge transport at this doping
concentration. At higher concentration x = 0.015 and 0.02, a slight increase in activation
energy was observed in all theree formalisms, indicating is likely due to the onset of dopant
saturation, defect clustering, or minority impurity phase formations, which may result in

introducing scattering centers or trap states.

In conclusion with the combined analysis of activation energy and NTCR behaviour
of materials reveals that moderate Ni doping is x = 0.01 (ACONi10), due to enhanced
carrier conductions by minimising activation energy, while exhibiting semiconducting

characteristics with minimal resistances.
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4.5 Photoelectron Spectroscopy (PES)
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Figure 4.14: (a) Valence Band of ACONi10 sample with synchrotron beam at Indus 1- beamline

-2 Ll 2 4

3, RRCAT, Indore. (b) The spectrum is referenced with the Fermi level set at 0 eV binding energy,

and ionization energies are derived from measurements using synchrotron radiation.

Photoelectron Spectroscopy (PES) measurements were conducted to study the
valence band structure and ionization energy (I.E) of AICrOz and thereby to investigate the
impact of Ni doping. Figure 4.14 (a) presents the valence band spectrum of the ACONi10
sample, acquired using the synchrotron radiation source at Indus-1 (beamline 03, RRCAT,
Indore) The spectra were calibrated so that the Fermi level corresponded to 0 eV binding
energy. In the valence band spectrum for ACONI10, the first significant feature appears
near 1.7 eV binding energy, mainly associated with Cr 3d electronic states, with a smaller
contribution from O 2p states in this region. Another prominent band is observed between
5and 7 eV, which is primarily due to O 2p orbitals, along with some hybridization from
Cr 3d states. These features are consistent with the expected electronic structure of
chromium-based wide-bandgap semiconductors. The L.E of the ACONIi10 sample was
determined from the low-energy cutoff in the secondary electron region of the PES spectra,
as shown in Figure 4.14 (b). The I.E was calculated to be approximately 5.7 + 0.2 eV based

on measurements using both the synchrotron beam.
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4.6 Seebeck Coefficient Measurements
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Figure 4.15 (a): Linear fitting of AV vs AT of ACONi10

Seebeck coefficient measurements were conducted to investigate the nature of
charge carriers in the material [43] of Ni-doped a-AlCrOs of the ACONi10 sample. A
controlled heat pulse was used to generate a temperature gradient (AT) and the
corresponding thermoelectric voltage (AV) was recorded. As shown in Figure 4.15, the
linear fitting of AV versus AT yielded a positive Seebeck coefficient of approximately +600
uV/K for ACONI10 and this positive value confirms that holes are the dominant charge
carriers which reveals successful p-type conduction in the Ni-doped sample [41]. On the
other hand, the undoped a-AlCrOz (ACO) we didn’t find negligible Seebeck voltage and
consistent with its insulating behavior. These findings affirm that Ni?* substitution at AI®*
sites introduces acceptor levels in the valence band, thereby enhancing hole concentration
and promoting their delocalization within the Cr-O network.

4.7 Conclusion

In summary, this chapter has explored the structural and electrical characteristics
of Ni-doped aluminum chromium oxide samples synthesized by solid state synthesis
method with varied concentration (a.-Al1xNixCrOs,0<x<0.02) with objective of enhancing
its p-type semiconducting behavior through doping of aliovalent substitution. The
polycrystalline samples were synthesized via solid-state reaction and studied by
characterization using SXRD, DRS, CIS, Seebeck coefficient measurements and PES. The

XRD analysis confirmed that the synthesized samples exhibited the rhombohedral R-3c
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structure was preserved for all doping concentrations, and we observed minor impurity
phases beyond x = 0.01 which suggests the solubility limit of Ni?* in the AICrOs lattice.
Optical characterization via DRS reveals that with Ni doping no changes in intrinsic band
transitions a thus observed no change in bandgap energy. Electrical impedance analysis
showed marked improvements in the dielectric relaxation charge transport phenomenon
and reduction of resistance upon Ni doping. Notably, undoped samples displayed a single
relaxation process dominated by grain boundary resistance, whereas Ni-doped samples
exhibited dual relaxation peaks corresponding to grains and grain boundaries, which reveal
an enhanced contribution from short-range conduction to long-range conduction. The
corresponding Nyquist plots supported this observation by showing two semicircular arcs,
which were successfully modeled using a double CPE equivalent circuit and extracted
grain and grain boundary resistance.

Activation energies were extracted from Z" spectra and M"” spectra and Nyquist
plots of resistance. All three formalisms yielded nearly identical values, which strongly
indicate that both localized and delocalized conduction mechanisms arise from the same
thermally activated charge carriers. The activation energy decreased significantly with Ni
doping up to x = 0.01 (ACON:i10). Furthermore, beyond the doping concentration which
leads to increasing in the Ea due to dopant saturation and emerging impurity phases. This
trend matched well with the XRD observations that provides a consistent structural-
electrical correlation. Additionally, temperature-dependent resistance plots confirm NTCR
semiconducting behavior for all samples, which is a characteristic of semiconducting
behavior. The resistance dropped drastically by nearly an order of four of magnitude with
Ni doping and further affirming the role of Ni in enhancing carrier transport. PES
measurements provided further support for these results by the valence band spectra reveal
that increased Cr 3d-O 2p hybridization occurs with Ni doping and is accompanied by a

|.E of approximately 5.7+ 0.2 eV.

In summary, Ni- doping at the Al site in a-AlCrOs successfully introduces acceptor
states and enhances electrical conductivity through a combination of structural distortion
and defect engineering, and valence band modulation. Therefore, the optimal performance
at x = 0.01 of Ni doping (ACONIi10) demonstrates the viability of this material for future

applications in wide bandgap semiconductors that includes transparent electronics, energy
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devices and optoelectronic applications. This chapter lays a strong foundation for
extending the same analysis to alternative dopants such as Mg?* as part of objective 2

discussed in the following chapter.
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Chapter 5
Mg-Doped a-AlCrOs
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5.1 Introduction

Herein, in this chapter we discuss a comprehensive investigation of magnesium-
doped aluminum chromium oxide (a-AlixMgxCrOs) as a potential p-type transparent
conducting oxide. Building on the investigation of Ni-doping presented in Chapter 4, this
chapter examines a series of samples with compositions Al1xNixCrOz (x = 0, 0.005, 0.01,
0.015, and 0.02) synthesized under identical conditions to enable direct comparison
between the two dopants. The chapter focuses on establishing clear relationships between
composition, structure, electrical properties, and optical characteristics, with the goal of

evaluating magnesium's potential as a dopant for p-type TCO applications.
5.2 Structural Properties
5.2.1 Synchrotron-Based X-ray Diffraction (SXRD)

Synchrotron-based X-ray diffraction patterns for the a-Al1xMgxCrO3z samples are
shown in Figure 5.1. As with the undoped sample discussed in Chapter 4, the undoped o-
AICrO3z exhibits a rhombohedral structure with space group R-3c, consistent with earlier
reports [19]. For samples with magnesium x < 0.01 content, XRD diffraction patterns could
be indexed to the rhombohedral (R-3c) structure, with no detectable secondary phases. This
reveals that successful incorporation of magnesium ions into the host lattice up to this
doping concentration. The primary diffraction peaks corresponding to the (012) and (104)
planes of the rhombohedral structure show systematic shifts toward lower angles with
increasing magnesium content, indicating lattice expansion due to the substitution of AI**
(ionic radius 0.54 A) with the larger Mg?* ions (ionic radius 0.72 A). For the sample with
magnesium concentration (x = 0.02) possess additional minor diffraction peaks appeared
at 20 values of 5.85° 13.60°and 19.33°. This indicates that the solubility limit of
magnesium in the a-AlCrOs lattice under the synthesis conditions employed lies between

1.5 and 2.0 atomic percent.
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Figure 5.1: X-ray Diffraction (XRD) Analysis of a-Al;.«MgxCrOs

5.2.2 Le-Bail Fitting Analysis

Figure 5.2 illustrates the variation of lattice parameters and unit cell volume as a
function of magnesium concentration. For samples with x < 0.015, both the ‘a’ and ‘¢’
lattice parameters increase linearly with magnesium concentration, following Vegard's
law. This linear dependence provides strong evidence for the doping incorporation of Mg?*

at AIP* sites and allows estimation of the actual dopant concentration in the lattice.

Le-Bail fitting was performed on all diffraction patterns to extract detailed
structural information. Figure shows the refinement results, including lattice parameters,
unit cell volume, and goodness-of-fit parameters. The refinement confirmed the single-
phase nature of samples with the quality of the refinements, as indicated by the low Rwp
values (< 10%) and goodness-of-fit parameters ¥>~1, confirms the reliability of the

structural model.
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Comparing the lattice expansion caused by magnesium doping with that observed

for nickel doping (Chapter 4), magnesium induces a more pronounced expansion for

equivalent doping concentrations. This is consistent with the larger ionic radius difference
between Mg?* (0.72 A) and AI** (0.54 A) compared to Ni?* (0.69 A) and
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Figure 5.2: Le Bail fitting profile of synchrotron XRD data for a-Al:xMgxCrOs, x = 0.00, 0.005,

0.01, 0.015, and 0.02) samples using FullProf Suite Software. The fitting confirms R-3c phases

structure across all compositions. (f) Variation of refined lattice parameter (a, ) as a function

concentration in o.- Al;xMgxCrOs.

5.3 Diffused Reflectance Spectroscopy

Figure 5.3 displays the F(R) versus Energy (eV) plot for all the samples, showing

several distinct transitions in Mg-doped AICrOz aligning with those reported by R. Jangir

et.al in their study on optical structural properties of AICrOs [23]. The absorption features
detected at 2.11 eV, 2.86 eV, 4.05 eV, and 5.09 eV are attributed to the electronic

transitions “Azg —*Tag, *Azg —*T1g, Cr tyg—eg* and Ozp—Cr d*, and O 2p — Cr d*,

respectively. It is widely recognized that the splitting of the d-orbitals in a-Cr20s leads to

an optical band gap of approximately 3.4 eV [44-45]. However, with the substitution of Al,
the absorption peak was observed at ~4.05 eV in DRS spectra of a-AlCrOs (ACO) and Mg-

doped a-AICrOs. Furthermore, no shift in peak positions with increased Mg doping in a-

AICrO3z was observed, indicating that Mg doping does not alter the electronic band

structure.
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Figure 5.3: DRS of a-Al1.«xMgxCrO; plotted as a function of Kubelka-Munk versus Energy (eV)

for all samples.
5.4 Electrical Properties by CIS
5.4.1 Complex Impedance Spectroscopy Analysis

To understand the effect of doping on electrical property of the materials, complex
impedance spectroscopy was a widely powerful technique [25]. CIS technique is non-
destructive and useful to distinguish the contribution from grain and grain boundaries. By
doing so, we will get insights into how the small doping has modified the electrical process
in the material. Therefore, we have used this technique. In the literature R. Jangir et.al also
probed this method to understand the effect of doping [17]. Similarly, we are also utilizing
this technique to understand the effects. Therefore, we have performed the CIS
measurements in the range of 90K to 480K. CIS Analysis was employed to investigate the
frequency and temperature dependent electrical response of Mg-doped AICrOs. The aim
was to understand the effect of Mg?* doping at the AI®* site on charge transport behavior

of grain and grain boundaries as well as dielectric mechanisms and activation energy
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trends. All measurements were carried out over a frequency of 100 to 1M Hz and over a

range of temperature of 90K to 480K.
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Figure 5.4: Frequency-dependent imaginary(Z”) plot for ACO & Mg-doped ACO samples (ACO,
ACOMg05, ACOMgl10, ACOMgl5 and ACOMg20) at various temperature, showing

characteristic peaks shifting to higher frequencies with increasing temperature.
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Figure 5.4 shows the imaginary part of the impedance (Z°’) plotted as a function of
frequency ( f) for a range of temperature for Mg-doped AICrOs samples. It was observed
that two relaxation peaks with distinct contributions from grain (high frequency peaks) and
grain boundaries (low-frequency peaks). This dual relaxation peaks reveals that
heterogeneous polycrystalline materials, where both grain and grain boundaries contribute
independently to the overall impedance response. As temperature increases, both peaks
shift towards higher frequencies reveals that reduction in relaxation time and thereby

confirms that the thermally activated nature of dielectric relaxations. Moreover, the peaks
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of the Z” decreases with raise in temperature reflecting reduced resistance and transition

towards enhance carrier mobility.
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Figure 5.5: Scaled Z”/Z”max Versus f/fmax plot for the same undoped ACO and ACOMg-doped

series, demonstrating temperature- independent relaxation behavior via perfect master curve

overlap.

To study the effect of the relaxation mechanism with temperatures, the Z” spectra

were normalized by their respective Z” peak maxima (Z”/Z-max) and the frequency were

scaled by the corresponding peak frequency (f/fmax) as shown in the figure 5.5. The resulting

master curves reveal that excellent overlap over all measured temperatures indicate that the

relaxation behavior is governed by the single relaxation and temperature independent

mechanism. This universal scaling behavior confirms that relaxation time constantly shift

61



with temperature which is fundamental nature of the charge transport mechanism that most

likely hopping conduction which had remained unaltered.
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Figure 5.6: Arrhenius plots of In(fma) versus 1/KgT derived from Z’’ data, used to calculate

activation energies for grain & grain boundaries contribution in Mg-doped AICrOs; samples.

As shown in figure 5.6, the activation energy for grain relaxation of ACOMQgO05,
ACOMg10, ACOMg15 and ACOMg20 obtained as 0.341 eV, 0.307 eV, 0.323 eV and
0.332 eV and for and grain boundary as 0.483 eV, 0.419 eV, 0.496 eV, and 0.433 eV
respectively. These results demonstrate a significant decrease in activation energy with Mg
doping especially up to x = 0.01. The decrease in activation energy reveals that enhanced
carrier mobility and hopping conduction. The slight increase of Eaat higher doping x=0.015

and 0.02 may be attributed to defect interactions or limited solubility of Ni in the lattice.
5.4.2 Modulus Impedance Spectroscopy
In order to complement the impedance analysis and supress grain boundary

contributions, electric modulus formalisms were used for Mg-doped AlCrOz. The modulus
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formalism provides the insight into grain (bulk) relaxation phenomenon contribution which
may otherwise be masked in the impedance spectra due to highly resistive grain

boundaries.

The imaginary part of modulus spectra M” plotted as a function of frequency for
all Mg-doped AICrOs. In contrast to the Z*” vs f plots, the M’” vs f plots revealed single
well defined relaxation peaks at each temperature for all samples. This observation
indicates that conduction that contributed by grain (bulk) dominates in the modulus spectra,
while grain boundary contribution is effectively suppressed due to their comparative larger
capacitance values. To further analyze these characteristics, temperature-dependent M” vs
f plotted as shown in the Figure 5.7 for a-Al1.xMgxCrOs samples ACOMg05, ACOMg10,
ACOMg15, and ACOMg20).

0.05 FT
[ @)

I —— -
ACOMg05 1 ® ! ACOMg10

Figure 5.7: M” plotted Frequency-dependent plots of M" at various temperatures for o-Ali-
«MgxCrO; samples (ACOMg05, ACOMg10, ACOMg15, and ACOMg20).

The prominent relaxation peak confirms the presence of conductivity relaxation
process is thermally activated. The peak frequency position shift to higher frequency with

rise of temperature provides insights into the transitions from the short-range localized
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motion to long-range conduction of charge carriers. In the low frequency range, charge
carriers possess sufficient energy to hop between adjacent lattice sites thereby providing
the long-range conduction across the grains(bulk). In contrast, in the high-frequency range,
the conductions of charge carriers are spatially confined to their potential wells and can

perform only localized conductions [46].

5.4.3 M"" Scaling Behaviors Spectra: M"/M" . vs f/fmax Master Curve

he imaginary part of the electric modulus, M*’, was divided by its peak value, M"max, and
the frequency was scaled relative to the peak frequency, fmax, for each temperature. The
resulting master curves, shown in Figure 5.8, display M”’/M”’max plotted against f/fmax for
all samples over the full temperature range studied. The complete overlapping of curves at
different temperatures for each composition depicts a temperature-independent relaxation
mechanism. This overlap confirms that the distribution of relaxation times and the shape
of the relaxation function remain unchanged although the absolute values of relaxation time

and peak frequency shift with temperature as expected for thermally activated processes.
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In other words, the microscopic mechanism responsible for dielectric relaxation is
likely due to thermally activated hopping of localized charge carriers remaining the same
throughout the studied temperature range. Moreover, the shape of the normalized M"
spectra appears symmetric and relatively narrow, revealing that a quasi-Debye type
relaxation mechanism, typically indicative of a well-defined potential landscape for charge
carriers within the grains, is dominant. This observation is consistent with the earlier
impedance analysis that revealed well-separated grain and grain boundary responses and
supports the idea that modulus formalism effectively extracts the bulk (grain) contribution.
In summary, the modulus scaling behavior provides compelling evidence that the dielectric
relaxation in Mg-doped AICrOz is governed by a single, thermally activated mechanism,
consistent with hopping conduction in the bulk phase. The activation energies related to
the conduction mechanism in the material were obtained from the analysis of the modulus
(M™) spectra. Figures 5.9 (a-d) shows Arrhenius fit of In(fumax) Versus 1/KgT data, which
was used to estimate the activation energy associated with the relaxation process. The
sample ACO exhibited activation energy as 0.545 eV as shown in the last chapter and
similarly here the ACOMg05, ACOMg10, ACOMg15, and ACOMg20 activation energy
derived from the plots for grain contribution as 0.367 eV, 0.285 eV, 0.288 eV and 0.313
eV and for grain boundaries contribution as 0.450 eV ,0.448 eV, 0.500 eV and 0.473 eV

respectively. Activation energy drastically decreased upon doping up to x = 0.01 and slight
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increase in

Ea observed with higher doping same results

consistent in

the Z” spectra

analysis.
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Figure 5.9: Arrhenius plots of In(fmax) versus 1/KgT derived from M’ spectra for

all a-Al1.xMgxCrO3 samples (ACOMg05, ACOMg10, ACOMg15, and ACOMg20).
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5.4.4 Nyquist Plot Analysis
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Figure 5.10: Nyquist (Z” vs Z’) for ACO and Mg-doped ACO samples at different temperatures

indicating semicircular arc are attributed to grain and grain boundaries response.

The Nyquist plots (Z” vs Z') of a-Al1xMgxCrOz were analyzed to understand the
roles of grains and grain boundaries in influencing the total conduction behavior. The
Nyquist plots for ACOMg05, ACOMg10, ACOMg15, and ACOMg20 exhibited two
distinct semicircular arcs as shown in the Figure 5.10. The high-frequency arc corresponds
to the grain (bulk) conduction process while the lower frequency arc is associated with the
grain boundaries conduction. To extract resistance and capacitance values, the impedance
spectra was fitted using an equivalent circuit model of CPE as discussed in the last chapter.
The equivalent circuit used in shown in the inset of the Figure 5.10. The CPE fitting was
carried using EC-Lab software with the fitted parameters as follows same for the Mg-doped
AICrOz sample values of n for grain and grain boundaries remains as 90 + 5% and 0.88 +

5% respectively. The values of values of Q for the grain and grain boundaries are identified
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as 14.38 £ 5% pF and 0.41 £ 5% nF for Mg-doped samples within the studied temperature

range.
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Figure 5.11: Arrhenius plots of bulk (Rg) and grain boundary (Reg) resistances, showing In(R) as

a function of 1/KgT for all investigated samples.

The temperature dependence of the bulk resistance (Rg) for the Mg doped AICrOs
samples was analysed to further investigate the conduction mechanism. The extracted Rg
values were plotted as In(R) versus 1/KgT as shown in Figure 5.11 and fitted using the
Arrhenius equation 4.8. The In(R) versus 1/KgT plots for each sample exhibited good
linearity over the studied temperature range, confirming that thermally activated hopping
conduction governs the bulk transport mechanisms. The activation energy values
corresponding to the grain (bulk) conduction were extracted as follows 0.334 eV, 0.300
eV, 0.306 eV and 0.333 eV respectively. The data show a significant reduction in activation
energy with Mg doping, reaching a minimum at ACOMg10. This trend reflects the
enhanced carrier mobility due to Mg incorporation, which likely introduces oxygen

vacancies and modulates the local bonding environment, facilitating easier hopping of
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charge carriers. The slight increase in activation energy observed for ACOMg10 and

ACOMg20 may be attributed to dopant saturation effects or defect clustering.
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Figure 5.12: (a) Dependence of bulk (grain) resistance on temperature. (b) Change in activation
energy for a-Al.xMgxCrOzsamples (x = 0.0 to 0.02), as determined from the imaginary component
of impedance (Z"), electric modulus (M"), and resistance values from Nyquist plots, with respect
to varying Mg?* content (x).

From the Arrhenius fitting of the In(R) versus 1/KgT plots shown in Figure 5.11,
the values of the pre-exponential factor (Ro) and activation energy (E.) were extracted for
all Mg-doped AICrOs samples. Using these extracted parameters, the bulk grain resistance
(Re) was extrapolated and plotted over an extended temperature range, as illustrated in
Figure 5.12. The plotted resistance curves confirm a systematic decrease in R with
increasing temperature across all compositions, demonstrating a clear NTCR behaviour
[33]. Such NTCR characteristics are typical of semiconducting materials, where thermally
activated charge carriers enable enhanced conductivity at elevated temperatures. The
activation energy derived from three formalisms such as Z*’, M” and Nyquist plot fitting ,
were plotted as a function of Mg-doping concentration (x =0, 0.005, 0.01,0.015 and 0.02).
The comparative analysis plots were shown in Figure 5.12(b), as activation energy on the
y-axis and Mg?* concentration (x) on the x-axis for all three methods. In all the three
approaches, it was observed that activation energy was decreased with Mg-doping and
reaches minimum at x = 0.01 (ACOMg10), which indicates the most efficient charge
transport at this doping concentration. At higher concentration x = 0.015 and 0.02, a slight

increase in activation energy was observed in all theree formalisms, indicating is likely due
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to the onset of dopant saturation, defect clustering, or minority impurity phase formations,

which may result in introducing scattering centers or trap states.

In particular, the resistance of AICrOz materials was found to decrease drastically
with Mg doping, consistent with the enhanced charge carrier mobility due to defect-
induced conduction mechanisms. The overall decrease in resistance upon Mg doping is
nearly four orders of magnitude (~10* times) compared to the undoped AICrOs material,
confirming the effectiveness of Mg doping in significantly improving the p-type
conductivity. This remarkable reduction in resistance and activation energy upon Mg
incorporation aligns well with the trends observed from the impedance and modulus

analyses.

Together, these findings strongly reinforce that Mg-doped AICrOs is a promising
wide bandgap semiconductor material suitable for future transparent electronics and

optoelectronic device applications.
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Figure 5.13: Comparative analysis of Resistance vs Temperature ACO, ACONi10 and ACOMg10.

Comparative analysis of ACO, ACONi10 and ACOMg10 were analysed as shown in the
Figure 5.13. It was observed that the ACOMg10 sample exhibited lower resistance than
the ACONIi10 samples which reveals that the delocalization with Mg doping is more

comparative to that of Ni doping samples. This may be due to the Mg 2s spatially spherical
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orbitals that significantly enhancing the delocalization thus resulted in the better

preformation.
5.5 Seebeck Coefficient Measurements

Seebeck coefficient measurements were performed to further confirm the nature of charge
carriers in Mg-doped a-AlCrO3z on the ACOMg10 sample [26]. The thermoelectric voltage
(AV) was recorded as a function of temperature difference (AT) generated through a
controlled thermal gradient. The AV versus AT plot as shown in Figure 5.14 exhibited a
clear linear trend, and the extracted Seebeck coefficient was positive, with a magnitude of
approximately +566 pV/K. This result confirms the p-type conduction in Mg-doped
AICrOs, with holes being the majority charge carriers [41].
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Figure 5.14: Linear fitting of AV vs AT to for ACOMg10 to extract the Seebeck coefficient.

The absence of any measurable Seebeck voltage in the undoped a-AlCrOz sample is
consistent with its insulating character. The positive Seebeck response observed in
ACOMg10 reflects the creation of acceptor states due to Mg?* substituting for AI**, leading

to the generation and delocalization of hole carriers within the Cr-O framework.
5.6 Photoelectron Spectroscopy

The valence band spectra and I.E for the sample ACOMg10 was obtained using PES
measurements at BL-03 of the Indus-I synchrotron radiation source. Figure 5.15 (a-b)
displays the PES spectra for the sample ACOMgO01.The spectrum is calibrated such that
the valence band edge falls at 0 eV binding energy, representing electrons with the
maximum kinetic energy emitted from the sample. The difference between the maximum
kinetic energy (KEmax) and minimum kinetic energy (KEmin) from the secondary edge helps
in determining the ionization energy of the sample. The ionization energy is calculated

using the following equation:
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IE = how — |KE gy — KEmin| 5.1

where /2w represents the energy of the photons.

PES measurements were conducted to study the electronic structure and valence band
and work function of AICrOs and thereby investigate the impact of Mg doping. Figure 5.15
(a-b) presents the valence band spectrum of the ACOMg10 sample, acquired using the
synchrotron radiation source at Indus-1 (Beamline 03, RRCAT, Indore) and I.E evaluation.
The ionisation energy (I.E) of the ACOMg10 sample was calculated to be 5.1 + 0.2 eV. The
+ 0.2 eV was considered as an error margin for experimental and fitting error. The spectra
were calibrated such that the Fermi level was set at 0 eV binding energy. In the valence band
spectrum of ACOMQg10, the first major feature appears around 1.7 eV binding energy, which
is primarily attributed to the Cr 3d states. A smaller contribution from the O 2p states is also
present in this region. A second prominent band is observed in the range of 5-7 eV, which
mainly arises from O 2p orbitals, with some hybridization contribution from Cr 3d states.
These features are consistent with the expected electronic structure of chromium-based
wide-bandgap semiconductors. The I.E. of the ACOMg10 sample was determined from the
low-energy cutoff in the secondary electron region of the PES spectra, as shown in Figure
5.15(b). The ionization energy was calculated to be approximately 5.1 + 0.2 eV based on
measurements using both the synchrotron beam. This is suitable for many applications in

optoelectronics such as solar cells and LEDS as hole blocking layer.
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Figure 5.15: (a) Valence Band of ACOMg10 sample and I.E calculated from the data obtained from
synchrotron radiation of 60 eV of beamline-3, of Indus 1, RRCAT, Indore.
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5.7 Conclusion

In this chapter, we have investigated the effect of magnesium-doped in a-AlICrOs (o-Als-
xMgxCrOs ,0<x<1) was undertaken to evaluate its potential as a wide bandgap p-type
transparent conducting oxide. Structural analysis using SXRD confirmed polycrystalline
single phase rhombohedral R-3c structure up to x = 0.01 and observed that beyond doping
which leads to minor secondary phases emerging that indicating the solubility limit of Mg?*
in the lattice. Le-Bail fitting revealed a linear expansion of lattice parameters with doping

consistent with Vegard’s law up to x = 0.01 of Mg doping of Mg?* at AI®* site.

Optical studies using DRS showed characteristic Cr-centered d-d transitions with the band
edge transition remaining nearly unchanged for all samples suggesting that Mg doping does
not significantly alter the fundamental band structure indicating no change in bandgap
energy. Complex impedance and electric modulus spectra analyses revealed dual relaxation
processes of grain and grain boundary with a clear transition from localized short-range to
long-range conduction upon Mg doping. Temperature scaling of Z**/Z”’ max and M’ /M””
master curves confirms temperature-independent relaxation dynamics governed by a single

thermally activated mechanism.

Moreover, activation energies extracted from Z” formalism and M"” formalism and Nyquist
plot analyses consistently demonstrated a sharp decrease with Mg doping up to x = 0.01
(ACOMg10) which indicates enhanced carrier mobility through polaron hopping. Further
doping (x > 0.015) led to a slight increase in activation energies which is likely due to
defect induced effects of scattering. The NTCR behavior observed for all compositions
samples which affirms the semiconducting nature of the material while bulk resistance

decreased by nearly four orders of magnitude upon Mg doping.
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Chapter 6: Conclusion and Future Scope
6.1 Conclusion

In our work, we have explored p-type doping in aluminum chromium oxide o-
AICrOg3, focusing on aliovalent doping strategies involving nickel (Ni?*) and magnesium
(Mg?*) at the aluminum (AI®**) site. The main aim was to enhance the p-type conductivity
of a-AlCrOs while preserving its wide bandgap and structural stability, thereby advancing

its suitability for optoelectronic and transparent device applications.

The results from Ni- and Mg-doping investigations reveal that a-AlCrOsz is an
selectronically tunable host lattice capable of incorporating divalent dopants without
significant disruption to the corundum structure (R-3c) up to their respective solubility
limits. Comprehensive characterizations such as SXRD, Le-Bail fitting, DRS, CIS,
Seebeck coefficient measurement confirmed that both dopants introduced defect-mediated
pathways for hole conduction and more significantly reduced the activation energies

associated with carrier transport.

Firstly, from the comparative analysis of Ni-doped synthesized samples, it was
found that Ni-doping induced noticeable improvements in both bulk and grain boundary
conduction by lowering the activation energy for conduction. Furthermore, we observed
that the doping concentration at x = 0.01 (ACONIi10), where the activation energy was
reached. Hereby, Ni®* doping led to generation of Cr®* Cr** oxidation thereby hole
generated that enhanced charge transport. However, beyond optimal doping level, a slight
increase in activation energy and the emergence of secondary phases suggested dopant

oversaturation and localized defect scattering.

In contrast, Mg?* doping also proved highly effective in reducing the resistance of
a-AICrOgz, with the best performance observed at x = 0.01 (ACOMg10). The larger ionic
radius of Mg?* caused a more pronounced lattice expansion than Ni?* and while it lacked
d-orbital contribution, its role in promoting oxygen vacancy formation and modulating the
local defect landscape enabled enhanced grain conductivity. Importantly, Mg-doped
samples retained their structural integrity with minimal phase separation, and activation
energies derived from Z", M", and Nyquist analysis collectively confirmed the dominance

of thermally activated hopping transport in the grain region.
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The resistance versus temperature (R-T) plots of ACO, ACOMg10 and ACONI10
reveal all samples indicating NTCR behavior whereas that minimum resistance offered by
ACOMg10 samples. The resistance drops of ACO sample from the order of Mega (Q2) to
Kilo (Q), reveals that significant effect of dopant that induced conductivity in the
samples. Moreover, all samples exhibited a steep NTCR trend that dropping and when
compared to the ACO, ACONi1l0 and ACOMg10 sample, the resistance dropped
significantly. For ACONIi10 sample resistance drops of the order of three and ACOMg10
sample by four compared the undoped ACO samples. This reveals that enhanced
conductivity would be possible for the sample of Mg doped AICrO:s.

Positive Seebeck coefficients of +566 puV/K for ACOMg10, +600 pV/K for
ACONI10 unambiguously confirmed p-type behavior, which reveals that the majority
charge carriers that are responsible for conductions are holes. Therefore, we can conclude
that the p-type semiconductor nature for both Ni- and Mg- doped AICrOs samples. PES
measurement revealed that ionization energy of 5.1 eV and 5.7 eV + 0.2 eV for ACOMg10
and ACONIi respectively, that demonstrated excellent alignment with hole transport layer

requirements in perovskite solar cells and organic photovoltaic devices applications.

These findings establish Mg- doped a-AICrOs as a breakthrough p-type transparent
semiconductor that successfully bridges the critical performance gap between existing
materials and the demanding requirements of emerging transparent electronics that include
UV optoelectronics, and high-efficiency energy conversion technologies. The
demonstrated combination of wide bandgap energy which promises excellent optical
transparency with enhanced p-type conductivity and device-compatible work functions
positions this material system as a transformative platform for advancing the frontiers of
transparent conducting oxide research and enabling the next generation of efficient,
versatile optoelectronic devices operating across extended spectral ranges. Therefore, this
material can be potential candidates any many applications such as UV detectors, hole
transport material (HTL) in perovskite solar cells applications, p-n junction solar cells, and

many more.
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6.2 Future Scope

Herein, in our work the successful synthesis and characterization of Ni- and Mg-
doped p-type aluminum chromium oxide (a-AlCrOs) research has laid the work for further
exploration into these materials as a potential candidate for next-generation optoelectronic
devices. However, several opportunities remain open for extending and deepening the
investigation into these materials. The following directions are proposed for future

research:

Even though this study focused on bulk polycrystalline samples synthesized via
solid-state reactions, the future work should aim at fabricating thin films of a-Al1.xBxCrO3
(B = Ni, Mg) using advanced deposition techniques such as pulsed laser deposition (PLD),
RF magnetron sputtering (RFMS), and atomic layer deposition (ALD). Thin-film growth
techniques would allow integration of these materials into real optoelectronic applications
and facilitate the way for future device integration.

Given the high work function (~5.1 eV for ACOMg10 and ~5.7 eV for ACONi10)
with the wide band gap energy and demonstrated p-type semiconducting behavior, these
materials are well-suited for use as hole transport layers (HTLs) in perovskite solar cells,
dye-sensitized solar cells, and organic light-emitting diodes (OLEDs). Therefore, future

studies should focus on:
o Fabrication of complete heterojunction devices ACONi10 and ACOMg10 as HTLs.

« Investigating energy level alignment with adjacent layers (e.g., perovskites or

organic semiconductors).

o Device performance synthesized by these samples such as open-circuit voltage

(Voc) and power conversion efficiency (PCE).
o Fabrication of UV detectors.

Based on the valence band position and work function data, future work could
explore the formation of p-n junctions or heterojunctions with widely used n-type TCOs
(e.g., ZnO, SnOy, In203). These would enable transparent diodes, photodetectors, and

transistor devices.
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