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ABSTRACT

Potassium Niobate (KNbOj3) doped with Iron is a well known photorefractive material in the
optical region. There is, however, a need for photorefractive materials in the near infrared
(NIR). Chromium doped KNbOj has been suggested as a possible candidate, and computer
calculations and modeling show a photorefractive response above 0.4 eV in earlier studies.
The latest studies have the photorefractive effect at 1 eV. Due to the volatility of Ky;O
it is problematic to fabricate KNbO3:Cr?T as a congruent crystal. In this work, single
phase (Cr®") doped KNbO3 was fabricated using the sol-gel method, which allows us to
make a polycrystalline ceramic at low temperatures. Metal alkoxides, potassium ethoxide
and niobium pentaethoxide were used as the precursor material. KNbOs;:x% Cr3*T were
successfully prepared by reflux at 120 °C. The Cr3* concentration in the host varied between
0.005 and 0.1 mol%. The obtained polycrystalline powder was characterized by using X-ray
diffraction (XRD). No secondary phases were found in any of the doped or undoped samples,
suggesting single phase orthorhombic KNbOj3. The X-ray diffraction data was used to study
the effects of peak broadening by using the Williamson-Hall analysis technique. This was
done in order to find the microstrain and crystallite size; to better understand changes in

intensity of X-ray diffraction peaks as the concentration of trivalent chromium increased.



Applying the madelung potential energy using the VESTA computer program and nearest
neighbor potential energies the possible energy level that the Cr3* ion lies within the host
KNbO3 was found. Further it appears that these theoretical calculations find agreement

with prior theoretical models that established the ionization threshold of the chromium ions.
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CHAPTER 1

INTRODUCTION

Potassium niobate (KNbQOj) is an ionic solid that crystallizes in the perovskite type struc-
ture and was discovered in 1949 [1]. KNbOj, exhibits the ABOj stoichiometry and belongs
to a well known class of ferroelectrics, which has been investigated intensely due to its large
electro-optic coefficients, nonlinear optical coefficients, holography, optical memory storage,
and electromechanical coupling factors for various electro-optical and nonlinear optical de-
vices. An added benefit is that it is less toxic than other ferroelectric materials possesses
higher chemical stability and environmentally friendly. Below the Curie temperature of T
= 435 °C, single crystal KNbOj is ferroelectric and undergoes a series of phase changes.
These phase changes include the cubic to tetragonal phase at 435 °C, tetragonal phase to
the orthorhombic phase at 225 °C, and orthorhombic phase to rhombohedral phase at — 50
°C [2]. Another property which will be further explored in the current project is that of the
photorefractive response of KNbO3 and the study of different dopants in KNbO3 which is
an active research field. KNbOj doped with Iron (Fe) is known to have a photorefractive
response in visible spectral region. There is a need for a photorefractive response in the
near infrared (NIR). KNbOj3 doped with trivalent chromium (Cr®*) has been suggested as a

material that will have a photorefractive response in the NIR [3].

Laser heated pedestal growth [LHPG| method to crystalize single-phase KNbO3 was
found to be problematic, possibly due to the volatility of KoO [4] [5]. Another technique
that has been used to counter this problem is to fabricate the Cr®* doped KNbOs powder

by sol-gel process. This allowed fabrication of the polycrystalline ceramic at lower tempera-



tures, thus preventing the issue of the volatility of K;O at low temperatures. Lattice defects
such as impurities generally introduce some levels in the forbidden gap between the extended
states of the lattice. The environment of the host influences the impurity electrons due to the
crystal field of certain symmetry and strength, therefore causing energy splitting and shifting
of the free ion orbitals [6]. It has been shown that an understanding of the host-impurity
system requires the incorporation of excitation processes that involve the impurity electronic
states and the extended electronic states of the host lattice, in other words the valence and
conduction band. This leads to the donor and acceptor-like model for the impurity host
system. This system has been a very useful model in doped semiconductors [7]. In this
dissertation the possible energy level at which we find Cr3*, using theoretical models that
incorporate the madelung potential energy. In one such model the nearest neighbor potential
energy was used in conjunction with the ionization energy of Cr3* in a vacuum. The other
theoretical model uses the Madelung Potential energy found using the VESTA program (8]
along with the electron transfer energy process. Also the Williamson-Hall plot will be used
to further examine the nature of the X-ray Diffraction(XRD) results found, which appear to
show changes in intensity along with increasing dopant in the potassium niobate host crys-
talline material. In the next chapter the perovskite structure will be discussed along with
prior theoretical results and the theory behind the experimental and theoretical techniques
used to characterize polycrystalline chromium doped potassium niobate. In chapter 3 the
experimental method for preparing the polycrystalline doped samples will be discussed. In
chapters 4 and 5, techniques for theoretically measuring where the energy level at which
Cr*™ dopant lies below the conduction band of KNbOj3 along with XRD analysis of the
polycrystalline samples. The conclusion is given in chapter 6 and the thesis concludes with

a discussion of our future research direction in chapter 7.



CHAPTER 2

BACKGROUND: THEORY AND EXPERIMENTAL METHODS

2.1 PEROVSKITE STRUCTURE

Perovskite is the name given to any mineral with the same crystal structure as the min-
eral CaTiO3. The mineral samples of CaTiO3 were discovered by Gustav Rose in the Ural
Mountains, in 1839 and named after the Russian mineralogist, Count Lev Aleksevich von
Perovski. Structurally, ABOj3 type perovskite is paraelectric above the curie temperature,
due to the high symmetry of the cubic phase unit cell. In this phase the A cation is located
at the corners of the cube, the B cation is body centered, and the O anions are face centers

which can be seen in Fig 2.1

The B cation is surrounded by an octahedron cage where the 6 Oxygen anions are sym-
metrically arranged defining the vertices of said octahedron. The traditional view of the
perovskite lattice consists of small B cations within an oxygen octahedron, and larger, 12-
fold coordinated cations [9]. The ideal cubic perovskite environment dictates that with any
two cations, the one with the smaller size will occupy the B site while the larger one is

favored for the A site. The sum of their charges is +6, which in turn balances exactly with

Table 2.1: Ton positions in cubic perovskite.

Site Location Co-ordinates
A cation (2a) (0,0,0)
B cation (2a) (1/2,1/2,1/2)
O anion (6b) (1/2,1/2,0)(1/2,0,1/2)(0,1/2,1/2)




Figure 2.1: Cubic perovskite unit cell. Blue spheres represent the A cations, yellow spheres
represent the B cations, and the red spheres represent oxygen anions, which form an octa-
hedra around the B cations.

the 3 O?~ anions, rendering the unit cell electrically neutral. In most perovskite structures
the A cation is an alkaline metal, such as but not limited to, Li, Na or K with oxidation
state +1 or an alkaline earth metal, such as, Mg, Ca, Ba with oxidation state of +2 or
a rare earth element La with an oxidation state of +3. The B cation site is occupied by
transition metals with oxidation states +5, +4 or +3, respectively. There are several per-
ovskites that exhibit one or more ferroeletric or antiferroeletric structural phase transitions.
Examples of these are BaTiO3, PbTiO3z, NaNbOj3, and KNbOg3. Structural changes in per-
ovskite structures are important factors in the change of the dipole moment which leads to

ferroelectric effects. Finally, two of the most important and most used lead-free ferroelectric



materials are KNbO3; and LiTaO3;. These materials are of the A1*B°tO3 type perovskite
family.. The structural changes of KNbOj3 have been studied by A.W. Hewat [2] using neu-
tron scattering. When a perovskite, such as KNbQg, is in the cubic phase it is electrically
neutral but as the temperature lowers, spontaneous polarization occurs. This occurs when
the high symmetry of the cubic phase is broken at Ts. These structural changes at lower
temperatures have been studied by A.W. Hewat using neutron diffraction measurements of
powdered crystals. During changes in phase the oxygen octahedra has been shown to be
rigid due to the strength of the oxygen-oxygen bond in comparison to the bonds between
potassium-oxygen and niobium oxygen. These structural transitions can also be attributed
to the condensation of soft lattice vibrational modes. The magnitudes and directions of these
atomic displacements account for the observed changes in the spontaneous polarization of
KNbO3 when the effective atomic charges are estimated from infrared and dielectric data.
Figure 2.2 shows the atomic displacements from the cubic perovskite aristotype positions
for various phase changes of KNbOj3 from cubic to rhombohedral phase, where the center of

mass is considered undisplaced [2].



Figure 2.2: (a) Atomic displacements from cubic perovskite aristotype positions for phases
changes of KNbOj where the center of mass is not displaced. (a) Tetragonal phase, (b)
orthorhombic phase, and (c¢) rhombohedral phase. In all the phase transitions the oxygen
octahedra remains rigid and is displaced as unit along the (a) [001], (b) [011], (c) [111].
The last sketch (d) shows how the rigid oxygen octahedra oscillates in one of the unstable
zone-boundary modes.

Figure 2.2 (a) shows the transition of cubic-tetragonal at a temperature of 435 °C, which
is also the Curie temperature for KNbOj3. The KNbOj aristotype cubic perovskite structure
has a unit cell of around 4 A. At the transition, the space group changes from Pm3m to
P4mm, where the atoms are displaced by around 0.1 A, which produces an electric dipole
along the [001] of each cube unit cell. Figure 2.2 (b) shows the transition of tetragonal-
orthorhombic. During this transition the two soft modes degenerate with the mode respon-
sible for the cubic-tetragonal transition are stabilized by this transition at 225 °C, where one

of the modes condenses to the orthorhombic phase, which has a net polarization along [011].



The space group then changes from P4mm to Amm2 during this phase transition. As in the
cubic-tetragonal transition the oxygen octahedra remains comparatively undistorted. Figure
2.2 (c) shows the orthorhombic-rhombohedral transition at -10 °C. The rhombohedral unit
cell can be described as a slight stretching of the aristotype cubic cell along [111], changing
the space group from Amm2 to R3m [2]. Figure 2.2 (d) shows the rigid octahedra oscillating
in one of the low-frequency zone-boundary modes responsible for the observed antisotropy

in the mean-square displacement of the oxygen atoms.

2.2 PRIOR THEORETICAL RESULTS

This experimental research was done in order to test prior theoretical models. Potassium
niobate (KNbOj) is a member of a family of ferroelectric photorefractives, with large electro-
optic coefficients and stays in an orthorhombic crystal system over a wide range of temper-
atures (-50°C - 220°C). Unavoidable defects which are present in experimentally fabricated
KNbOg3 have charge centers that are smaller than the 3.3 eV band gap, which provide the
charge centers for photoexcitation [10]. These levels can be influenced by doping of the
crystal melt. The dopants will affect the different photorefractive performance parameters,
such as but not limited to carrier mobility, trapping time, electro-optic coefficient, etc. In
prior theoretical research it has been found that KNbOj has a spectral response into the
near infrared, which can be achieved through doping. This is what lead to the theoretical
proposition that the photorefractive performance parameters of KNbOj3 due to dopants that
would generate properties tailored to infrared (IR) applications. A theoretical model based
on first-principles was a useful tool in gaining a detailed understanding of the mechanisms
involving the formation and stabilization of different impurities and associated vacancies.
Models and electronic-related results were made using Density Functional Theory (DFT),
when pure KNbOj3; was doped with 3d transition metal impurities, with Cr showing the

closest possibility of photorefractivity in the NIR. A 2 x 2 x 2 super cell with 80 atoms



was chosen to maintain computational efficiency and doping concentration. This model was
used to investigate defects and impurities within the theoretical model. This corresponds
to a doping concentration of 6.25%, which is well above the experimentally realized dopant

concentration of ~ 0.1%.

Figure 2.3: 2x2x2 supercell of the orthorhombic cell that was used in prior theoretical work.
The two selected atoms indicate where the dopant species goes and the oxygen atom is
removed. Cyan spheres are K, green spheres are Nb, and red spheres are O atoms [11]

Figure 2.3 shows the 2x2x2 supercell, where the two atoms with the yellow,bullseye in-
dicates the two selected atoms where the dopant goes and the oxygen that gets removed to
make the defect complex respectively. The color key for the pictures are cyan shperes for
Potassium (K), Green spheres are Niobium (Nb), and red spheres are Oxygen (O). The theo-
retical calculations indicate that an energetically favorable way to maintain charge neutrality
is if one of the Nb>* ions is replaced by a 3d transition metal preferably Cr3* ion and to re-
move one O?~ ion near the impurity. This results in an impurity-vacancy complex. Also the

ionic radius of Cr3* is 0.62 A, which is comparable to the ionic radius of Nb5+ which is 0.64 A.



2.3  PRIOR THEORETICAL RESULTS CONTINUED

Since the prior theoretical work by Mahou et al. there has been further theoretical modeling
using the same 2 x 2 x 2 supercell was done by Suter et. al.[3][12]. In these calculations
the doped systems were created using a 2 x 2 x 2 supercell containing 80 atoms. The de-
fect models were used to find a more exact origin of the IR sensitivity introduced by 3d
transition metals. The knowledge that transition metals preferentially occupy the Nb sites
within crystals[13]. It is generally thought that at this site the substitution of the dopants
assume a +3 charge state partially on the basis that their atomic radii in this charge state
are closer to the Nb®*, which should minimize stress on the cell and lead to more favorable
energy formations. With this assumption, the removal of an oxygen atom in the cell would
free two electrons which would lead to some sort of charge compensation which would bind

the dopant to attain the +5 charge [14].

The models examined a substitution of the Nb site with Ti, V, Cr, Mn, Fe, Co, and
Ni, which are 3d transition metals. The band structures and projected densities of states
were examined when induced with a charge-compensating oxygen vacancy in either the first
coordination shell of O atoms around the dopant or in a shell that is as far away from the
dopant as possible within the supercell which is shown within the Figure 2.3. When the
oxygen vacancy is near the dopant the model is called the coordinated vacancy model and
when the oxygen vacancy is as far away as possible within the supercell it is called the un-
coordinated vacancy model. KNbOj3 has a high static dielectric constant which significantly
reduces the electrostatic interaction between periodic replicas, which is good in the case of
the uncoordinated vacancy model where the oxygen vacancy is approximately 7.5 A away
from the dopant. The models aim to represent the effects of the dopants when the charge-
compensating vacancy either does or does not disturb the crystal field locally surrounding

the dopant [15].



Figure 2.4: The picture of the structure shows a defect within a single orthorhombic cell
of KNbOj3. The cyan spheres are the K atoms, the green spheres are the Nb atoms, the red
spheres are the O atoms, and the single orange sphere is the Cr dopant. The O atom with
the cross-hair and yellow outline is the site vacancy [12].

Comparisons of the coordinated and uncoordinated vacancy models reveals that the co-
ordination of the O vacancy with the Cr impurity shifts just barely down in the energy out of
the conductions band. As with prior theoretical results Cr doping has been demonstrated to
significantly affect the optical properties of other oxide systems and is expected to represent
a strong candidate for KNbOj [16][17][18]. The main interest in KNbO3:Cr are a cluster of
three nearly degenerate to, states located about mid-gap that occur only in the spin-up band

structures.

10



2.4 ELECTRONIC STRUCTURE

An approach for calculating the impurity-host electronic structure originates from the one-
electron picture and could be classified in terms of band versus bonds [19]. The band-
structure approach is generally preferred for studying the bulk properties of materials be-
cause of the extended nature of the electronic states in periodic systems. The effect of
impurities can be calculated within supercells. The picture that can be found using super-
cell calculations includes the impurity as a periodically occurring lattice point. This result

displays the states corresponding to the impurity but within the states of the host electrons.

20 40 60

—— Nbd

r x R Y S pDOS (States/eV per cell)

Figure 2.5: Energy bands and projected density of states of the valence and conduction
bands of pure orthorhombic KNbOj3 [3].

11



To find the electronic band structure and projected density of states of pure orthorhombic
KNbOQOg, calculations for the band structure of different host materials have been successfully
performed and correlating the electronic energy dispersion curves in the 1% Brillouin zone

have been obtained [20-22].

The band structure and projected density of states of pure orthorhombic KNbOj are
shown in the Figure 2.5, which is an important factor in determining the population ener-
getics of the dopant 3d states involves considerations of the local crystal field experienced
by the dopant ion. The geometry of the surrounding chemical environment institutes an
electrostatic perturbation that modifies the position of the dopant sites, in particular. The
dopant ion being surrounded by an ideal octahedron will, therefore, experience a crystal-field
splitting of the d orbitals and the degenerate 3d states will split into a degenerate pair of e,
states and a degenerate triplet of to, states. This shows that the valence band of KNbOj3
largely comes from Oxygen 2p states while the conduction band comes from the Nb 4d states,

with some evidence of hybridization between the two sets of orbitals.

2.5  CHROMIUM

Chromium is a transition metal that is hard and silvery. It is a chemical element with
the periodic symbol of Cr. The chemical element chromium has an atomic number of 24.
Chromium was discovered by French Chemist Louis-Nicolas Vauquelin in 1797 [23]. This red
lead was a compound with selenium and iron components, the miner was actually crocoite
that has a chemical formula of PbCrO,. While working with a mineral called Siberian
red lead, now called crocoite, Vauguelin dissolved the mineral in hydrocholoric acid and
removed the lead. What was then produced was chromium trioxide, CrO3. Vaugeulin also
heated the CrOs in a charcaol oven which isolated the metallic chromium. Chromium is

reflective and has a metallic luster when polished. It is used in decoration and applied to
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electroplating. Neutral chromium has 24 electrons and that electron configuration consist
of 15%2522p83s23p®3d°4st. Chromium is an element that has a configuration that violates
the Aufbau principle. The Aufbau principle is a general rule that guides the filling of
electronic orbitals in atoms as they build from lowest energy level to the highest. In the
case of chromium the expected configuration is deviated from due to stability of the half-
filled 3d subshell in chromium [24]. The 3d® configuration is more stable than the expected
3d* and 4s? configuration due to the increased electron pairing energy required to fill the
4s orbitals. This deviation occurs in other transitions metals and is therefore not unique
to chromium. Trivalent chromium is a naturally found ion, which can be found in some
foods. In the 43 valence state, the chemistry of chromium is dominated by the formation
of stable complexes with both organic and inorganic ligands [25]. Trivalent chromium like
rare earth /transition metal ions (i.e. Re>"/Tr*") doped in glasses, ceramics and phosphors
are used in many applications in different fields and in everyday life [26]. They are used
in laser devices, display devices, bright light emitting diodes (LEDs), color tunable light
sources, etc. An interesting note about these materials is that they can convert infrared
light to visible/UV light and vice-versa [27|. The conversion of UV light to the near infrared
is useful for enhancing efficiency of solar cells. Trivalent chromium ion with the configuration
of 3d3 has been used as sensitizer as well as activators in different hosts matrices. The 2E

state of Cr®T ion is a long-lived state, which gives long lasting phosphorescence.

2.6 ELECTRON TRANSFER PROCESSES, BORN-HABER CYCLE

Throughout the present work the impurity states introduced in the electronic structure of
a host insulator will be important to this research project. It is a problem that can be
formulated under the condition that the perfect lattice potential and the impurity potential
can be condensed to the one-electron potentials V; and U;, respectively, and the proper
sets of basis functions can be found to describe different electronic states. This formalism

has been applied with great success in understanding the bound states of impurities within
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semiconductors and insulators [28]. The solution of the stationary Schrodinger equation for

N-electron occupied states

2
SV (B 4 VI + U)l¢n6a. .. -6) = Eléron. .. 6i.0), (2.1)

determines both the lattice and impurity electronic states and it is the difference of the
two potentials, V and U, that play an important role in shaping the character and position
in energy. The situation where there are localized impurity levels present in the bandgap in
addition to the delocalized states belonging to the valence and conduction bands (VB, CB)
of the host is shown schematically in Figure 2.6. Figure 2.6 shows an idealized absorption
spectra illustrating absorption transitions. This process shows that in the presence of an
incident radiation of energy hv the simplified electronic processes that takes place depends

on the electronic configuration (P3*/P4T) of the impurity.

Resonant absorption at a photon energy of hv, that leads to a transition between two
localized, well determined energy levels: the ground and excited state of an impurity. There
is no experimental indication where these levels are situated in the forbidden gap. After
the impurity is excited then has a radiative or radiationless relaxation to the ground state
at the same or at some neighboring impurity site, there is a cutoff of absorption at the
minimum energy required for the transition. The minimum energy and the wavelength that
it corresponds to within the bandgap for transitions and the corresponding wavelength is
called the absorption edge. Light that is of a greater energy than the minimum required for
absorption is continuous and mostly constant, up to a certain maximum energy which marks
a transition from the bottom of the valence band to the top of the conduction band. There

are three possible types of absorption transitions resulting in photoconductivity.
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Figure 2.6: Localized and electron transfer processes.

(1) Edge absorption at a photon energy hr, = hver means that zero absorption up to
hvy, and increasing absorption beyond that. This transition is for an electron from the filled
VB to an empty impurity level, which is known as one of the electron transfer processes,
that can be called acceptor-like charge transfer (CT). Along with adding an electron to the

impurity ion this transition leaves behind a free hole in the valence band. The VB in insu-
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lators is largely made up of anion (ligand) orbitals and therefore this process is also called a
“ligand-to-metal” transfer.

(2) Similarly to edge absorption at the photon energy hv. = hvpy an electron is promoted
from an impurity level to empty states in the conduction band. This transition effectively
ionizes the impurity and is therefore called donor-like charge transfer or photoionization.
This also leaves behind a hole localized on the impurity. This transition adds a free electron
to the conduction band.

(3) Edge absorption at a photon energy hiyy promotes an electron across the bandgap E,

from the valence band to the conduction band, creating both a free hole and a free electron.

The distinction between acceptor-like charge transfer and donor-like charge transfer are
often; but, not only made by means of an electrical measurement that detects freely moving
charge carriers in the lattice. Apart from different conductivity mechanisms, the sign of
the charge carriers can be determined by the use of the Hall effect. Knowing the electronic
configuration of the dopant/impurity allows for the prediction of the probability of the ap-
propriate process based on the absorption spectra only [29].

An analytical tool that can be used to study this is called the Born-Haber cycle: the ap-
proach originates from the basic thermodynamics of crystals and is named after the German
physicist Max Born and chemist Fritz Haber [30]. The method was originally used to de-
scribe the estimation of cohesive energy of ionic lattices. This idea was further developed
to find the relationship between photo-ionization and photo-charge transfer energies of the
impurity ions in crystals within the basic band structure of solids [31]. The following steps
are used when trivalent and tetravalent metal impurity P ions are considered in a host crystal

with bandgap E,.

The charge transfer energy for ionization P3* in the donor-like charge transfer case:

P3* (site) — P3*(vac) E; = eV3
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P3*(vac) — P**(vac) + e~ (vac) E; = L(P)
P4t (vac) — PT(site) Esz = eV,
E~(vac) — e~ (CB bottom) Es =x

which yields

Epr=14(P) —e(V3 = Vi) — x (2.2)

Here V; is the total potential for the impurity ion at the crystal site, I4(P) is free ion
fourth ionization potential (in vacuum, (vac)) and x the electron affinity of the crystal. Be-
low is the charge transfer energy for lowering the valency of P4, Eqp in the acceptor-like

charge process:

Pt (site) — P4 (vac) E; = eV,
e (VB top) — e~ (CB bottom) E, = E,
e~ (CB bottom) — e~ (vac) E; =

P4t (vac) + e (vac) — P3*(vac) Ey = -14(P)
P37t (vac) — P37 (site) Es = -eV;
yielding

The quantities in the equations above ascribe to relaxed thermodynamic states at 0 K
(thus corresponding to zero phonon energies) and therefore directly comparing these calcu-

lations to experiment is not always straightforward.

B, = Ep; + Ecr (2.4)
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Adding Ep; to E¢or states that the zero phonon energies for the two processes add up
to the value of the bandgap of the host crystal E; [7]. This process is only valid if the
mutual interactions between electrons and holes are excluded and therefore the model is not
precisely applicable to spectroscopic measurements.

In conclusion the three energy values Ecp, Ey g, and E, can be estimated if the other two are
known. This can be found from experimental results and the relaxation of a lattice and/or

other possible interactions are taken into account in a proper manner.

2.7 PHOTOREFRACTIVE EFFECT

One of the most interesting optical properties of KNbOs3, is the photorefractive effect. It
is an interesting nonlinear optical phenomena which depends on the photoconductivity and
electro-optic nature of a material. The origin of photorefractives began in 1966 with a study
by Ashkin et al [32]. In this research they found that an optically-induced modulation of the
index of refraction in samples of (LiNbO3) and lithium tantalate (LiTaOjz) were observed.
In the same year the refractive index modulations had also been observed in potassium
tantalate-niobate. Chen [33]| published a paper specifically concerning these modulations
which in the case of potassium tantalate-niobate occur only in the presence of a laser and a
DC electric field. Chen termed the effect “optical damage”, given its seemingly destructive
effects on the other nonlinear applications to the material. Chen noted in his paper that
the observations of the so called optical damage observations could be explained by the
accumulation of an electric field produced by charge accumulation around the impinging
beam and proposed what would turn out to be a qualitative description of the mechanism
of the photorefractive effect.

During the early and middle 1970’s there was a growth in the understanding of the mech-
anisms of the this effect [34]. Amodei determined that the diffusion can be responsible for

the effects in LiNbOj3, albeit the model employed was not able to describe the maximum
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achievable space charge field [35]. More development in this field came on the theoretical
front, made by Glass et al., [36] where asymmetric photocurrents in lithium niobate could ex-
plain the result of local asymmetries of Nb-Fe? distances. More research and developments
were made throughout this time period.

The advent of the laser allows us to observe the small magnitude non-linear effects in the
perovskite crystal. The orthorhombic KNbOj3 being non centrosymmetric, seems to be an
ideal candidate for displaying, second-order nonlinear effects. The lack of center of inversion,
combined with a large value of spontaneous electric polarization at room temperature and
high packing density units of the polarizable Nb surrounded by the six O atoms that form
the oxygen octahedra. This lends the orthorhombic structure of the perovskite to have large
values of electro-optic coefficients and nonlinear susceptibilities [9] at room temperature. It
was found that the second-order, non-linear opto-electric effect combines with the photocon-
ductive properties in certain perovskites, which include KNbOs, to yield the phenomenon of

photorefractivity.

The photorefractive effect relies on the combination of a material’s photoconductive na-
ture along with the material’s manifestation of the nonlineaer Pockel’s effect. The foundation
of this process includes the continual photo-excitation, migration, and eventual trapping of
charge carriers. When two beams of appropriate wavelengths are made to interfere within a
photorefractive crystal, photo-excitation will occur at the bright fringes of the interference
pattern. Depending on the occupation of the states within a given crystal, electrons or elec-
tron holes may be excited, in which these states can be described as either donor or acceptor
states.

These electrons will travel some average distance with accordance to their lifetime within
the material before recombining with the valence band or acceptor states from which they
can be re-excited and travel once more. At steady state the distribution of photo-excited

electrons and the ionized donors, will generate a spatially modulated distribution of positive
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and negative charge within the crystal, which is termed as a space-charge field. This space-
charge field will be 7 radians out of phase with the interference pattern. The refractive
index of the material will be locally altered in the presence of a local electric field due to its
electro-optic nature.

As the sinusoidal interference pattern is established, electrons excited from donor states in
the material create a spatial distribution of excited carriers which matches the interference
pattern. This pattern will generate a carrier concentration gradient along which excited
carriers will diffuse from the bright fringes to the dark fringes of the interference pattern,
leaving behind ionized donor centers.

The photorefractive effect is characterized by a phase shift ¢ between the intensity pattern
and the index modulation. In a two-beam coupling experiment this phase shift is respon-
sible for the self-diffraction of the recording beams. There are two different categories of
photorefractive materials: inorganic crystals and organic compounds. Inorganic crystals are
grown at high temperature, and their composition is imposed by their stoichiometry and
crystalline structure. Photorefractive organic compounds are mixtures of several organic
molecules displaying specific function to achieve the photorefractive effect. They are mainly
composed of a photoconductive polymer matrix that allows charge transport.

Process Spatial profile

1 Charge photo-
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Figure 2.7: Photorefractive process that starts with the intensity distribution of the inter-
ference pattern, charge photogeneration, charge transport and distribution after migration
and trapping, space-charge field. Finally the index modulation is shown. [37].
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However, in some cases with a short time constant for the buildup of the grating or a
large energy band gap between the valence and the conduction band, the charge-hopping
model, proposed by Hall et al. is most useful [38]. This model uses a mechanism of thermal
or photoinduced tunneling of excited states. Both models are aimed at explaining the basis
of the mechanism that leads to the creation of the refractive index grating [38].

According to the model derived by Kukhtarev, intervalence impurities are responsible for
the photorefractive effect in inorganic crystals, such as KNbOg3, LiTaO3, Bi;3SiOsg, etc. As
shown in Fig. 2.8, the energy levels of these impurities lie between the band gap of the

material.

free electron

CB drift or diffuse - ’
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AN I O
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Figure 2.8: A varying index or refraction, electric field, charge distribution, and intensity
shifted due to the photorefractive effect.
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In the brighter region in Figure 2.8, the electrons are photoexcited from the donor ions
into the conduction band, leaving behind donor ions in an increased oxidation state. While
the electrons are in the conduction band they can move under the influence of drift or
diffusion, and eventually recombine with impurity ions or are trapped by defects in the
darker regions. The electrons in the dark regions stay trapped, because photoexcitation is
required to liberate them (unless the traps are sufficiently shallow and thermal liberation
from the traps can occur). The segregation of electrons in the dark regions and the ionized
donors in the bright regions of the crystal generate an internal electric field. Since the
electrons and holes are trapped and do not move, the space charge field persists even when
the illuminating beams are removed [39]. The periodic field known as a space-charge electric
field causes periodic modulations of the refractive index of the material due to the electro-
optic effect. The resulting index grating follows the light interference pattern originally
imposed on the crystal. The refractive index grating can diffract the incident light beam, to

re-create the original beam.

2.8  WILLIAMSON-HALL METHOD

The Williamson-Hall method that was developed by G.K. Williamson and his student W.H.
Hall [40]. The Williamson-Hall method is a procedure that is used to analyze stress and
strain derived from X-ray diffraction. As maintained by the Williamson-Hall method, the
basic calculation for the plot can be performed by using XRD data. Size and inhomogenous
strain can broaden the powder diffraction peak. Previous work suggests that the broadening
is produced by either lattice strain alone or by lattice strains and small particle size simul-
taneously. In the Williamson-Hall method, crystal imperfection was considered, and other
conditions of the crystal were assumed to spread throughout the crystal. Some of these con-
ditions uniform strain and uniform energy density. The principal relies on the approximation
formula for size broadening, 8, and strain broadening, (., vary differently with respect to

the Bragg angle, 6.
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B KA
"~ Lcost

(2.5)

Where A is the X-ray wavelength.

Be = Detand (2.6)

In terms of the reciprocal lattice the effect of lattice strain is to broaden the reciprocal

lattice points to a breadth which varies linearly with the distance from the origin.

One part of the formulae varies as 1/cos) and the other as tand. If both contributions are
present then their combined effect should be determined by convolution. The simplification
of Williamson and Hall is to assume the convolution is either a simple sum or sum of squares.

Adding these two equation:

KA

= £, = Detan 2.7
B =0+ P etan +L0059 (2.7)
If we multiply this equation by cosf it can be determined that:
A
Bcost) = Desinf + % (2.8)

This equation can be compared to and used to describe a linear fit, that being the equation
y = mx + b. Plotting Scosf versus sin#, then using a linear fit it can be found that the
slope is the strain component (De) and the size component can be found using the intercept
(kA/L). This plot is known as the Williamson-Hall plot and is illustrated schematically in

Figure 2.9.
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Figure 2.9: A Williamson-Hall plot showing the linear relationship and the slope as an
example. The figure shows several reflections as data points. Where the strain component
is the slope and the size component comes from the intercept.

Particle size or grain size is used when the size of individual crystals is less than about
100 nm. This is because a real crystalline powder is generally made up of many fine units
called crystallites, which can be considered as a single crystal. Figure 2.10 shows a schematic

view of particle size to crystallite size.
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Figure 2.10: Schematic view of the Size of crystallite in reference to that of Particle Size

However, the size of crystallites may be the same as that of grain size in some cases,
but they have different physical qualities. In terms of XRD analysis, the size of crystal-
lites usually refers to the cause of diffraction peak broadening. Uniform distribution in all
directions of crystallites in a sample is also required to provide the diffraction peak profile
to enable reliable results. If the size of crystallites in a crystalline powder sample becomes

small less than 5 nm, the measured diffraction peak profile clearly deviates from that of the
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same sample with a standard size 500 nm — 1000 nm in diameter.

There are different ways to calculate crystallite size. One way to do this is to use the
Williamson-Hall plot. Within the Williamson-Hall plot the Scherrer equation uses peak
broadening to estimate crystallite size, and the instrumental broadening and crystal im-
perfection related effects were neglected [41]. Crystallite size is a term that refers to the
dimensions of individual crystalline regions within a material. This can influence chemical
and physical properties significantly. Crystallite size relays information about a few proper-
ties a material may possess. Some of these properties are mechanical strength, thermal and
electrical conductivity, optical properties in semiconductors and nanomaterials, etc. Under-
standing the crystallite size helps in fabricating materials for the desired application within
many different fields, including materials science, engineering, and nanotechnology. To cal-

culate the crystallite size the Scherrer equation is used.

KA
~ Beosb

(2.9)

Where L is the crystallite size perpendicular to the lattice planes and k is the shape
factor which is dependent on the non-instrumental and instrumental factors, however the
numerical factor that is normally used is 0.9 [42] [43]. The crystallite shape factor of any
polycrystalline material depends on factors such as the influence of defects, microstrain, size

and shape.

2.9 CRYSTAL FIELD THEORY

In an independent electron picture the d orbitals of a transition-metal ion are five-fold de-
generate in free space. This can accommodate a maximum of ten electrons due to spin

degeneracy. Crystal field theory describes the breaking of orbital degeneracy in transition
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metal complexes due to the presence of ligands. This may lead to a change in magnetic prop-
erties as well as color. When investigating a single transition metal ion the five d-orbitals
have the same energy. When ligands approach the metal ion some ions will experience more
opposition from the d-orbital electrons than others based on the geometric structure of the
molecule. When the transition-metal atom is placed at the center of a perfect octahedron
with O% ions at the vertices valence d-electrons experience different repulsive forces. This
depends on the shape of the orbitals they occupy. These interactions create splitting due

to the electrostatic environment. The d,2 and d,2_,2 orbitals have lobes that point directly

-y
towards the negative point charges on the O?~ anion [44]. These electrons experience a

strong Coulombic repulsion. This can be seen in Figure 2.11 below.
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Figure 2.11: The splitting of the d-orbitals of a transition metal due to the d.. and d,2_,»
orbitals increase in energy while the, d,,, d,., and d,. orbitals decrease in energy. The
geometry of the two e, states and three ty, states are shown on the right. |3].

The O?~ ions lie on the nodal planes; therefore, the electrons in the d,,, d,., or d,.
orbitals naturally stay away from the anions. This results in an energetically lower state as
compared to the d,» and d,2_,2. The octahedral complex orbital levels are raised in energy
due to the interference with electrons from ligands. There are six ligands attached to the
central transition metal in an octahedral complex. The distance that electrons have to move
from ty, to e, dictates the energy that the complex will absorb from an electromagnetic wave.

The d,, dy., and d,, are energetically lower compared to the d.» and d,2_,2. Therefore, the
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five degenerate levels split due to the octahedral field into two sets of the higher lying doubly
degenerate e, states and the lower lying triply degenerate ?5, states. The designations e,
and t9, are traditional and derive from a symmetry analysis. This phenomenon is referred

to as crystal-field splitting and the amount of splitting is denoted by A.;.

2.10 TANABE SUGANO

The matrix diagonalization of the Hamiltonian in the strong crystal field approximation for
3d™ configuration systems were systematically carried about by Y. Tanabe and S. Sugano in
the 1950’s. For an octahedral symmetry site, the crystal field of the ligands will lead to a
splitting of the energy levels of the possible orbital configurations [45]. The result of their
calculations for the 3d® system is shown in Figure 2.12, where Dq/B is a normalized measure
of the crystal field strength and E/B proportional to the excitation energy with respect to
the ground state. The x-coordinate gives the octahedral field strength and the y-coordinate
gives the energy level. The four lowest degenerate energy levels of a 3d® free ion at the 0
Dq/B limit are described by the term symbols 1F, 1P, 2G, and ?F. These terms split in the
presence of a crystal field. It is important for the lowest transition to be the distinction
between the so-called low-field site in which the crystal field is sufficiently low to lead to a
quartet state as the lowest excited state. The high field sites where the lowest excited state
is a doublet state, i.e. the transition is accompanied by a spin flip and thus highly forbidden
(resulting in relaxation times that can lie in the millisecond range). The Tanabe-Sugano
diagram gives energy levels of the excited states relative to that of the A, ground state [6].
As the ligand field strength increases transitions can occur from the ty4 level to the e, level

depending on the ligand environment.
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Figure 2.12: Tanabe-Sugano energy level diagram for 3d® system. Diagram obtained from

Henderson and Imbusch [6].

2.11 MADELUNG ENERGY

Crystalline solids are basically classified into five classes: molecular, ionic, covalent, metallic,

and hydrogen bonded. A crystal consists of a periodic array of atoms. This can be defined

mathematically as a space lattice shown below [46] .

= nlcfl + TLQCLE + 713(1_5),
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Where ny, no, nz are integers and ay, as,a3 are said to be the primitive vectors. This
discussion will cover only ionic crystals. Tonic crystals are made up of positive and negative
ions. The ionic bond comes from the electrostatic interaction of oppositely charged ions.
The idealized model of an ionic crystal supposes that the constituents are positive and
negative ions with charges which are multiples of the electronic charge therefore the charge
is distributed with spherical symmetry on each ion. The energy from ionic crystals involves
individual ions within a crystal lattice structure rather than individual atoms.

The long-range interaction between ions with +/- charge is the electrostatic interaction
+/- q*/r is repulsive between ions of the same charge and attractive between ions of unlike
charges. The arrangement of ionic crystals gives the strongest attractive interaction com-
patible with the repulsive interaction at short distances between ion cores. The structure
is determined by the optimal use of space for the ionic raidii of atoms within the lattice
structure in question. The Coulomb attraction between oppositely charge ions should be
greater than the repulsion between ions of same sign. The essential factor in minimum sep-
aration is the ionic radii. If ions were to approach closer, a strong overlap between the ionic
electron clouds would occur. For fully occupied electron shells the Pauli exclusion principle
would require that higher lying antibonding orbitals are occupied. This should lead to a
steep increase in the energy and therefore a strong repulsion [47]. The attractive Coulomb
contribution to the ionic bond can be described as a sum over the Coulomb potentials ion
sites.

For the potential energy between two singly charged ions ¢ and j at a separation r;; can be
written as
e A

= A 2.11
i T (2.11)

the second term is a description of the repulsion between the two electron clouds. The +
sign is to be taken for like charges and the — sign for unlike charges. A and n are constants

to be determined from observed values of the lattice constant of compressibility. The value
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of ¢ doesn’t depend on whether the reference ion ¢ is a positive or a negative ion. The sum
can be made to converge rapidly; its value will not depend on the location of the reference
ion within the crystal as long as it is not near the surface. Neglecting surface effects, the
total lattice energy Uy, of a crystal composed of 2N ions can be written by the following

equation.

Utot = N¢ (2.12)
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Figure 2.13: NaCl Image obtained from Gelest [37].

Sodium chloride crystallizes into the structure shown in Figure 2.12. Here, N is used
rather than 2N since taking the total lattice energy interactions per each pair must be
counted only once. If r;; = p;;R, where R is the nearest neighbor distance in the crystal

then Equation 2.10 can be written as,

e? A
Gij =+ + — 2.13
qb_)\An_ozez (2.14)
R R '
Where,
1
A, = E}—n (2.15)
Pij



and

1
o= E;— (2.16)
Dij

Here, the quantity « is known as the Madelung C'onstant and is a property of the crys-
tal lattice. The Madelung constant is of central importance in the theory of ionic crystals.
The first calculation of the coulomb energy constant o was made by Erwin Madelung. The
Madelung constant is calculated using an infinite line series of nearest-neighbor distances for
an infinite line of ions of alternating signs in one dimension. In three dimensions the series
presents a greater difficulty [46]. It is not possible to write down the successive terms in
the series by casual inspection. More to the point, the series will not converge unless the
successive terms in the series are arranged so that the contributions from the positive and
negative terms nearly cancel. A powerful general method for lattice sum calculations was

developed by Paul Peter Ewald. Computers are more readily used for this calculation.

2.12 VESTA PROGRAM

Considering a lattice made up of ions with positive or negative charges and assuming that the
ions are spherical; the Ewald summation is an excellent technique for calculating electrostatic
interactions in a periodic system. Calculating the electrostatic potential experience by one
ion in the presence of all the other ions in the crystal can be problematic. The problem with
calculating the Coulomb sum is the 1/r behavior. This means that the Coloumb potential
is singular at each particle position and 1/r potential is very slowly decaying. The solution
is to compute the total potential at an ion as the sum of two distinct but related potentials.

These potentials can be written as two terms.

D(r;) = ¢s(ri) + ¢r(ri) (2.17)
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¢s(r;) is the short range term that converges quickly in real space while ¢ (r;) is the long
range term that converges in Fourier space where the sums are converted into two exponen-

tially converging sums.

The reason that many compounds would take on the perovskite structure type ABO3 has
been explained by ion-packing and tolerance factor determined by Goldshmidt [48]. However,
lattice and valence stabilities should be more related to thermodynamic energy and originate
from thermodynamic principles rather than numerical geometrical parameters. Van Gool
and Piken have shown that crystal chemistry and thermodynamic energy of ionic solids are
reflected into Madelung electrostatic potential [49]. The present work is written by the use
of the Madelung lattice energy and site potentials based upon data calculated using VESTA
program and the crystallographic, structural data from Hewat et. al. [8]. Ionic solids are
stabilized due to the gain in lattice energy that is reflected in the Madelung electrostatic

potential (Ejzqq). The total internal energy of ionic solids may be expressed as

E = Eyag + Ex (2.18)

Where Ej.q is the Madelung electrostatic potential energy and Ey is the combination of
all other energies: repulsive, zero point, crystal stabilization, vibrational, van der Waals and
covalent energies. In this research the development of the Madelung electrostatic potential
and lattice site potential were completed only for KNbO3 dope with Cr®*. The lattice stabil-
ity and valence stability are understood from the Madelung electrostatic potential viewpoint
and valence stability directly related to the lattice site potential. Based on this idea, the
Madelung energy is used to estimate the position of the trivalent chromium impurity within
the KNbOj crystal structure and by using the ionization energy to remove one electron from

trivalent chromium.
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2.13 X-RAy DIFFRACTION

Crystal structures of organic and inorganic compounds have been explored using X-ray
diffraction (XRD). In 1912 von Laue discovered that probing using X-ray radiation on the
order of angstroms will give detailed information on the structures of crytals [42]. The dis-
covery of XRD has been considered as the principal method for determining the arrangement
of atoms in minerals, metals, semiconductors, as well as all kinds of inorganic, organic and
biological molecules. Single crystal XRD analysis has become one of the most important
authoritative methods as it facilitates direct visualization of the internal structure; which
in turn helps improve and expand our knowledge understanding the microstructures and
properties of materials.

An X-ray diffractometer is a precision instrument with two axes (w and 26) of independent
rotation. This equipment allows one to obtain the intensity data of a diffracted X-ray beam
as a function of an angle to satisfy Bragg’s law under the condition of X-rays of known
wavelength. The design basics of a diffractometer are illustrated in Figure 2.13 [50]. There
are three components of an X-ray diffractometer; X-ray source, sample holder and detector
which lie on the circumference of a circle known as the focusing circle. When the position of
the X-ray source is fixed and the detector is attached on the 20-axis, a powder sample in the
flat-plate form is usually set on the w-axis corresponding to the center of the diffractometer.
The focal spot on the target of the X-ray tube is set to be parallel to the diffractometer
w-axis. A flat plate sample is used in order to take advantage of the focusing geometry for
effectively collecting the intensity of weak diffracted beams. During the course of measure-
ments the 20-axis rotates two times as much as the w-axis; therefore, it is frequently called
the two-theta scan. This experimental condition is used to maintain the angle between the
plane of the sample and direction of the incident X-ray beam which is equal to the direction
of the diffracted beam with reference to the direction of propagation of the incident X-ray

beam.
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Figure 2.14: Essential components of an X-ray Diffractometer. Diagram obtained from G.
Harrington and J. Santiso [51].

The spacings and atomic arrangements of solids have been directly obtained from XRD
characterizations. XRD is the study used to determine the structure of potassium niobate
samples, rather to identify the phase of the samples. The crystal structures of potassium
niobate and other ferroelectrics have been rigorously determined by A. W. Hewat et al by

Neutron scattering experiments in the 1970’s [2].
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The instrumentation used in this research consists of a monochromatic X-ray source and
a detector, each mounted on its own rotatable table. The sample is mounted at the common
rotation axis of the two tables. Measurements are done by scanning the sample which in-
volve sweeping or rotating the detector over an angular area of interest; then recording the
X-ray signal intensity as a function of the angle of the detector referenced to the collimated
incident beam. The X-ray is detected wherever the Bragg condition is satisfied. The Bragg
condition is met when the path differences of the reflected collimated x-ray beams from
successive planes of ions are an integer multiple of its wavelength, resulting in constructive
interference. Therefore, the constructive interference is a function of the angle of incidence
and the distance between successive ion planes. Similarly to optical diffraction gratings, the

large number of ionic centers and planes produce sharp XRD peaks.

The X-ray powder method is used in taking an XRD spectroscopy of the sol gel samples in
these experiments. Samples were prepared by cleaning the spatula and the slide microscope
slide. Then place the sample in a quartz square well using a microscope slide to spread and
flatten the sample on the square well. The square well is then placed into a sample puck and
is mounted in the Bruker D8 Advance X-ray Diffractometer which uses a Co Ka radiation
source with a wavelength, A = 1.79 A. This was a different X-ray source than Tanaka et. al.
used. Tanaka et. al. used an X-ray source of Cu Ko that has a wavelength A = 1.54 A. X-
rays with longer wavelength allow for observation of low-angle peaks that are not observable

using shorter wavelengths. This provides better peak separation.
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CHAPTER 3

SoL GEL PROCESS

3.1 INTRODUCTION

The motivation for the present study originates from interest in photorefractive materials in
the near IR. Through computational simulation it appears that KNbO3; doped with Cr®* is
a good candidate. Due to the volatility of K5O, it could be preventing the crystallization
of single-phase KNbOj3. The alternative method to fabricate KNbO3 used in this research

project was the sol gel process.

3.2 BRIEF HISTORY

Sol gel processing is a technique that was first done in 1845 in France. M. Ebelmen at the
“Manufacture de Ce’ramiques de Sevres” was the first to synthesize silica gels. However, this
processing technique has experienced an important developmental stage, after the publication
of the first edition of the book by Kluwer. The sol gel process is essentially a wet chemical
approach for producing solid inorganic oxides. The process involves the transformation
of a non-viscous, colloidal suspension (sol) into a viscous gel that will form to the shape
of its container. Drying and heat treating of the gel produce a ceramic material at low
temperatures. The fabricated ceramic materials can range from nanocrystallites, to ceramic
or glass fibers, to optical grade thin films, highly porous aerogels, and inorganic membranes.
The sol gel technique offers one of the most versatile, simplest, and inexpensive modes of
fabrication ceramics and glass materials. Figure 3.1 shows a flowchart of possible routes in

the synthesis of materials made using the sol gel technique.
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Figure 3.1: Sol gel process involves precursor materials that are processed through several
sol gel synthesis routes. Image obtained from Gelest [37].

A sol gel converts monomers into a colloidal solution. A colloid is a suspension where
the dispersed phase is small enough that gravitational forces are negligible. The interac-
tions are caused mostly by short range forces such as van der Waals attraction and surface
charges. The colloidal suspension which is called a sol includes the solid particles in a liquid.
Polymerization continues during gelation as hydrolysis and condensation reactions occur on
different sites of the molecules which in turn results into growth in three dimensions and
spans throughout the container; the precursor materials reside in.side The viscosity of the
solution increases dramatically to form a “gel”. The colloid is used to generate polymers or
particles from which a ceramic can be made at lower temperatures [52]. The basic process
includes the following: hydrolysis, condensation, gelation, aging, drying and densification.
In this project instead of hydrolysis a reflux method was used in the synthesis process. This
method was used to break the double metal bonds Niobium pentaethoxide and potassium

ethoxide in a more controlled manner. The reflux method is a sol gel processing technique
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that works basically the same as a distillation process. The precursor materials are heated
in a solvent such as 2-methoxyalcohol in a reflux chamber as shown in Figure 3.3. As the
precursor materials and the solvent are heated, the solution changes to the gas phase. As
the gas flows to the top of the reflux chamber it is cooled by the condenser on top of the
chamber. The condenser acts as a cooling system where constant flowing water is used as
the coolant. Once the gas solution meets the condenser it cools and changes back to the
liquid phase in which the solution falls back into the chamber and is reheated. Over a period
of time the solution is heated; this process repeats and the double meal bonds eventually are

broken.

3.3 SoL GEL PRrROCESS USING THE REFLUX METHOD

A double metal alkoxide solution of potassium ethoxide and niobium pentaethoxide were re-
fluxed under an argon gas for an extended period of time. This additional step allows greater
flexibility in controlling the ratios of the two metals. Since alkoxides are very sensitive to
moisture, the process was done in a dry box that was purged with argon gas. Figure 3.2
shows the skeletal formula for the reflux process of the double metal alkoxide. The potas-
sium ethoxide and niobium pentaethoxide were refluxed in 2-methoxyethanol. The following
equation shows the net equation of the sol gel process before the sintering steps. CH3CH,OK
+ Nbs+(OCHyCH3)s — KNb(OCH,CHj3)g Reflux begins when 2-methoxyethanol is heated

to 80°C and a dry powder potassium ethoxide is added.
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CH3CH,0K* + Nb*(OCH,CH;CH;)s — KNB{OCH,CH,)

Skelatal Forumla

0 piie)
) R ) O
O .
o .| e
N + - %
Mbh* = == ID0) sl T100 Nk 0
*. (- / ’ e
It K' Tl 'K
pile]
Ito ItD
It0=0CH,CH,

Figure 3.2: The Skelatal Formula of the reflux reaction of potassium ethoxide and niobium
pentaethoxide.
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Figure 3.3: The reflux chamber used in this project. The condenser is the clear tube on top
with the two hoses connected for a constant flow of water.
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CHAPTER 4

TECHNIQUES FOR CHARACTERIZING CR3*T AND THE HoST CRYSTAL

4.1 THEORETICAL RESULTS OF THE PHOTOEXCITATION ENERGY OF CR?*t WITHIN

KNBOj3 USING THE NEAREST NEIGHBOR MADELUNG POTENTIAL

The Madelung potential was used in the form of the nearest neighbor potential energies at
the niobium site replaced with trivalent chromium. This method is used to show that Cr3*
doped KNbQj is possibly photorefractive in the NIR region. Similarly in prior theoretical
work [3] [12] the Niobium site was replaced with a chromium ion Cr** due to the general
thought that dopants with +3 charge states have an atomic radii closer to the of Nb®* and
should minmize the stress on the unit cell. Given this assumption, an oxygen ion (O?")
is removed which would presumably bind the dopant to attain the +3 charge. With the
likelihood of this charge compensation being the case it has been found that Cr3* is a good
candidate as a dopant for KNbOj3 that is photorefractive in the NIR. Figure 4.1 is an illustra-
tion of expected energy transistions with the use of Madelung nearest neighbor calculations.
In this figure, the green arrow indicates the ionization of a free Cr*" ion (I¢,) and Ep;
indicates the ionization energies of the trivalent chromium site. Here, the photoionization

energy depends on ionization potential of a free ion located below the conduction band (CB).

The Madelung potential at a certain site can be calculated using the equation below.
Here V ps(;) is the Madelung potential at site i, g; is the charge of atom j and r;; representing
the average distance from the atom i to the j'* atom and including atomic radii to give
center to center distance of each ion in question. After finding the ¥;V 5, that negative

potential energy is then multiplied by the charge ¢ which can also be seen in Figure 4.1.

42



That charge g is the charge of the Cr®". This negative potential energy of qo;V y;) is added
to the ionization energy of a free Cr3* ion. This results in E.q. Eeue represents the energy

level that the Cr3" impurity lies within the host lattice.

d;
Vi) = X 4.1
M) 471'67“17 ( )
E
0
CB
e
K
H _1
I - VB

Figure 4.1: Nearest Neighbor potential energy level diagram showing the photoexcitation
energy level of Cr3* impurity site.
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In the Figure 4.1 charge ¢ is the charge of the Cr®" ion which would be

q = 3(e) (4.2)

where the 3 indicates the plus 3 charge of the chromium cation that looses an electron in
the donor process and the e is the coulombic charge of an electron (1.602 X 107 C). This
is due to the need to find the nearest neighbor potential of the crystal before the Cr** ion is
ionized and becormes Cr**. Each Madelung nearest neighbor site potential was then added

together and multiplied by the charge of the chromium ion.

The nearest neighbor site potentials were found by calculating the ionic center to center
distance from each adjacent 3-D positions of the K'*, the Og*", and the O,?~ ions to the
Cr®*. These distances were also added to the ionic radii of each atom. This was used to
find the total average r;; distance and to find the nearest neighbor site potential for each ion

with respect to the Cr3* ion.
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Table 4.1. Lattice cooridnates of ions used in Nearest Neighbor Site Potential for
Madelung Potential.

Lattice coordinates for the ions in the KNbO3:Cr®t unit cell.

K'*  at [0, 0, 0.017]
Cr3*  at [0.5, 0, 0.5]
024 at [0.5, 0.254, 0.285]
0%, at [0.5, 0.746, 0.285]

Table 4.2. Phase and Structural Parameters.

Structural Parameters found experimentally by Hewat et. Al

Phase Structural Parameters (Experimental)
Orthorhombic a=39710 A
b = 5.6920 A
¢ =5.7190 A
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Table 4.3. Tonic Radii of Tons for Nearest Neighbor Site Potential.

Tonic Radii

Jon  Ionic Radii variable

K1+ 1.51 A Kz’onicradii
CI‘3+ 0.62 A Crionicradii
027 1.40 A Oionicradii

Using the data from Tables 4.1, .4.2, and 4.3 the nearest neighbor potential was found
using the following equations. The data in the tables comes from the work of Hewat et. al

[2] and from the CRC Handbook of Chemistry and Physics, [53].

For the Kt to the Cr**, r;; distance used

TCrtoK — \/((0 - O5)CL)2 -+ ((0 - O)b)2 -+ ((0017 - 05)C)2 + Kiom’cradii + Crionicradii (43)

For the Og*™ to the Cr*", r;; distance used

Tortor =/ ((0 —0.5)a)2 + ((0 — 0)0)2 + ((0.017 — 0.5)¢)2 + Kionicradii + CTionicradii  (4.4)

For the O,%" to the Cr**, r;; distance used

rertoo, = v/ (05— 0.5)a)2 + ((0.746 — 0)b)2 + ((0.285 — 0.5)¢)2 + Ojonicradii + Cionicradii
(4.5)
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These average distances are used to find the nearest neighbor Madelung potential which
is multiplied by charge, ¢, which is the charge of the Cr3* mentioned earlier. Each nearest
neighbor Madelung potential energy charge comes from K ion and the two O?~ where the
charge of an electron, e is multiplied by a 1 and a —2 for each of the potential energies of

the potassium and oxygen ions respectively.

Figure 4.1 shows the use of the nearest neighbor Madelung potential, XV ), times the
charge of the chromium ion ¢, to first find E.,. and to find the ionization energy Ep; of the

chromium ion within the host KNbO3 lattice.

Adding the Ionization energy of a free Cr3* to the negative nearest neighbor Madelung
potential we find that
Ecalc = ICT + _qzz‘/; (46)

where E, . is 3.06 eV. This information is used to find where the impurity energy level
lies below the conduction band (CB) of the host KNbOj3 lattice. Subtracting E 4. from the
known experimental bandgap of KNbO3 will give information to where the energy level at

which the Cr** impurity lies with respect to the CB [54] [55].

Ep[ = 3.3eV — Ecalc (47)

Ep; is found to be 0.24 eV which suggest that the Cr*>T impurity within the KNbO3 host
would lie 0.24 eV below the CB and would also suggest that the photoexcitation energy for
the Cr3* ion would be close to the near infrared electromagnetic energy level. This would

be in agreement with what was previously found in other theoretical studies.
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4.2 THEORETICAL RESULTS OF THE ACTIVATION ENERGY CR*" WITHIN KNBO; Us-

ING VESTA PROGRAM TO CALCULATE MADELUNG POTENTIAL

The calculation on pure KNbOj are presented in this section. The present work is using the
Madelung lattice energy based upon recent data calculated using VESTA program [8]. The
Madelung Potential is a powerful method to find the binding energy of ionic crystal. KNbOj
has a high symmetry cubic phase and a is paraelectric in nature at temperatures above 435
°C. In the cubic phase KNbOj3 the potassium, K, and the Niobium, Nb, atoms are located
at the corner and body center respectively, and the Oxygen, O, atoms are located at the
face centers of the unit cell. As the temperature is lowered, zone center and zone boundary
distortions along [100], [110] and [111] directions produces three phase transitions. These
phase transitions happen as the temperature goes below 435 °C. The first transition is from
the cubic to the tetragonal, the next transition is from tetragonal to orthorhombic below 235
°C and then from orthorhombic to rhombohedral below -10 °C. Each of these phases reduces
symmetry making them ferroelectric with Nb atom at the body center being displaced with
respect to the O octahedral cage surrounding it. This yields a non-zero spontaneous electric
polarization that can be reversed with the application of an external electric field.

Above the phase transition temperature of 435 °C, KNbOj3 has the aristotype cubic per-
ovskite structure, with K at (000), Nbat (53 2)andOat (530), (5035 )and (01 1)
on a unit cell of around 4 A. Which is where all phase transitions displacements are based.
The origin is chosen by requirement that the center of mass cannot move in the transition.
It was chosen by Hewatt et al. that ANDb remains fixed while the other terms are displaced.
The structural parameters, including the lattice constants as well as the magnitude and di-
rection of the displacements for the different atoms in the KNbOj lattice used in this work
were experimentally evaluated by Hewat et. al. The values are reported in the table be-
low. The A symbols in the table refer to the net displacement expressed in terms of lattice
coordinates of the associated atom from its corresponding position in the cubic aristotype

along the directions specified in the A values. In the experiments, the assumption that the
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center of mass cannot move during a phase transition fixes the displacements of Nb atom/s
in terms of the other atoms. The experimental data found by Hewat et. al., is incorporated
in the present theoretical calculations by keeping the Nb atom/s in each unit cell fixed in
position during structural relaxation. Therefore A(Nb) are reported to be zero. The three
oxygen atoms at face centers of the high symmetry cubic unit cell which are equivalent in
the cubic phase and are distinguished as O, Og, and O,. They will not be identical in the
lower symmetry phases. The data for the orthorhombic phase is important to this work and

is reported in Table 4.4.
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Table 4.4. Lattice coordinates of the atoms in the KNbO3 base cell.

First set of lattice coordinates for the atoms in the KNbO3 base cell

K at [0, 0, A,(K)]

Nb  at 0.5, 0, 0.5 + A (Nb)]

Oa at [0,0,0.5 + A,(O4)]

O at [0.5, 0.25 + A,(Og), 0.25 + A,(Op)]
0, at 0.5, 0.75 - A,(05), 0.25 + A,(Op)]

Second set of lattice coordinates for the atoms in the KNbO3 base cell

K at [0, 0.5, 0.5 + AL(K)]

Nb  at [0.5, 0.5, A, (Nb)]

Oa  at [0, 0.5, A.(04)]

Op at 0.5, 0.75 + A, (Op), 0.75 + A.(Op)]
O, at [0.5, 0.25 - Ay (Og), 0.75 + A.(Op)]

The conventional unit cell of the orthorhombic phase has 10 atoms. There are two
formulas units for each KNbOj3; and is denoted as the 1 x 1 x 1 base cell. The lattice
coordinates of the atoms in this cell are given in Table 4.4.

The parameter A,(Nb) is determined by the requirement that the center of mass is un-
moved by these displacements. The room temperature phase is a result of zone boundary
distortions of the high symmetry cubic unit cell leading to cell doubling. Using the experi-
mentation done by Hewat et al., the three optimized lattice vectors for the pure orthorhombic
1x1x 1 KNbOj cell computed here using the VESTA program are a = 3.9710 A, b = 5.6920
A, and c— 5.7190 A, where vectors are written relative to the high symmetry cubic phase as
can be seen in Table 4.5. The experimental data used to build the 1 x 1 x 1 supercell in the
VESTA program was used to find the Madelung potential energy of KNbO3. This potential

energy is the main contributor to the binding energy of ionic crystals.
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Table 4.5. Phase and Structural Parameters.

First set of lattice coordinates for the atoms in the KNbO3 base cell

Phase Structural Parameters (Experimental)
Orthorhombic a=3.9710 A
b = 5.6920 A
c=5.7190 A
A, (K) = 0.017

A.(Nb) = 0.000
A.(04) = 0.021
A.(0p) = 0.0035
A,(Og) = 0.004

Values used for Madelung Energy using VESTA are as follows, a = f = v = 90° Volume =
129.26 A® found in JCPDS-71-0946 data and Mohua et. al. In VESTA the spheres represent
different atoms; but do not necessarily corresponding to their ionic radii. The purple spheres
represent Potassium atoms, the green spheres represent Niobium atoms and the red spheres
represent oxygen atoms. Using VESTA, the Madelung electrostatic potential for KNbOj3 has
been calculated. Similary, prior theoretical studies have replaced the Niobium site with a
Chromium ion (Cr*") to reduce stress on the unit cell and removed an Oxygen ion (O*7)
for charge compensation within the unit cell. The nearest neighbor O?~ was removed in the
Madelung calculation that was similary used in prior theoretical work where the O?~ ion was
removed in the coordinated vacancy model [11]. In this research the O~ nearest neighbor
removed was the O, ion within the VESTA program to find the Madelung potential energy.
This model can be seen in the Figure 4.2.

The Madelung electrostatic potential has been calculated using first principle calculation
software packages. VESTA has been used to calculate the Madelung electrostatic potential
directly from the known crystal structure of KNbOj3 and from experimental research of Hewat

et al. The Madelung electrostatic potential obtained from VESTA has the unit of electron
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volts (eV) [8]. In VESTA lattice site potentials ¢; and Madelung electrostatic potential E

of a given structure is calculated using the equations below.

" 4 (18)

=T
j47T€olij
Where Z; is valence of ion j, € is permittivity of free space in a vacuum and [;; is the

distance between ions i and j.

1
Ey = 521‘@2@”/@' (4.9)

where

(occupancy)x(numbero fequivalentposition)

W, = (4.10)

numbero f generalequivalentpositions

For structures with fixed atomic positions, such as NaCl, the lattice site potential ¢;
for each site in the crystal structure is inversely proportional to the characteristic length.
Yoshimura et al. noted that lattice site potential ¢;, the Madelung constant and Madelung
electrostatic potential ), varies with valence states.

All calculations for the Madelung electrostatic potential were performed using VESTA em-
ploying the radius of ionic sphere of 1.6 Aand reciprocal space range of 4 A~1. The model for
the doped host material, KNbOj3 used in the presented calculations was obtained by using
the pure orthorhombic conventional 1 x 1 x 1 unit cell, using data from Hewat et. al, which

is shown in Figure 4.2.
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Figure 4.2: Unit cell 3-D picture from VESTA, used in calculations of the Madelung Energy.

Similarly the conventional 1 x 1 x 1 unit cell can be expanded two fold along the [100],
[010], and [001] directions and can be referred to as a 2 x 2 x 2 supercell in VESTA. This
shows that the unit cell built in VESTA can be expanded in the same way giving the same
appearance as the 2 x 2 x 2 supercell used in previous theoretical work with a side-by-side

view in Figure 4.3.
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Figure 4.3: Side-by-Side view of KNbOj3 supercells

Table 4.6. Values Used to Calculate Energy Level Impurity Appears to be Located within
the Host KNbO3 Crystal

Name Values

Madelung Energy Ey =-31.6 eV
Cr3* ionization energy Ic, = 30.96 eV

The Madelung electrostatic potential found using the VESTA progam in this research
is the main contribution to the potential energy needed to hold the ionic crystal of KNbOj
together. This electrostatic potential was used along with the ionization energy of Cr** in a
vacuum as an attempt to verify the energy level position of the Cr3* atom in a unit cell of
KNbO3. The coulombic potential or Madelung electrostatic potential was found to be, E),
= -31.6 eV.
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Adding the Ionization energy of a free Cr®* to the Madelung potential energy that was

found using the VESTA program we find that

Ecach = ICT’ + _E]W ) (411)

where E.qe is 0.64 eV. Subtracting E e from the known experimental bandgap of
KNbOj3 will give information to where the energy level at which the Cr®* impurity lies with

respect to the CB.

Ep[2 = 3.3eV — EcalcQ <412>

Epr = 2.66 eV found using the Madelung energy, through the VESTA program suggests
that the Cr®t photoionization energy would appear to be in the near infrared range, as
initially suggested theoretically. This suggest that the impurity energy level lies 2.66 eV

below the conduction band for a donor impurity.
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CHAPTER 5

SPECTRAL ANALYSIS OF THE HOST KNBO3; AND KNBO3:Xx% Cr3*

5.1  XRD PATTERN OF THE HOST KNBOj3; AND KNBO3:X% CR3T

The optical properties of KNbOj3 synthesized by the sol gel technique are discussed in this
chapter. The samples of KNbOj fabricated by the sol gel synthesis technique form polycrys-
talline ceramics that have crystal dimensions on the order wavelengths of visible radiation.
Due to the materials intrinsic scattering at these dimensions, the sol gel synthesized crys-
tallites are opaque. In this case the use of X-ray diffraction (XRD) was necessary. XRD
reveals the various phases of the sample and is important here since the orthorhombic phase

of KNbOj is needed in order to match the theoretical models in this research project.

Happek Group Undoped KNbO, XRD Pattern and KNbO, Ref Points [ICDD 32-0822]

[111)

Figure 5.1: XRD of undoped KNbOj3 using Co Ka fabricated in the Happek Lab.
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As can be seen from XRD spectroscopy in Figure 5.1, the samples are verified to single
phase orthorhombic KNbOj3. From the XRD pattern of the undoped KNbOj in Figure 5.1
it shows that the peaks are consistent with that of KNbOj3 from the International Centre
for Diffraction Data [ICDD 32-0822|. This XRD pattern is consistent with that found by
Tanaka et. al. as well; although the peaks in the pattern have shifted due to the use of a Co
Ka, X-ray source instead of Cu Ka source used by Tanaka et. al. A sintering temperature
of 900°C was used to produce the calcined ceramics for this dissertation. This sintering
temperature has been shown by K. Tanaka et. al. to produce single phase potassium niobate.
By using a reflux temperature with the precursor materials it appears that the K4;NbgO,7
phase disappeared. Furthermore, the problem of significant loss of K5O is avoided due to
processing at the relatively low sintering temperature. Perovskite single phase KNbOjswas
obtained from refluxing the precursor solution at 120°C using 2-methoxyethanol solvent and
the perovskite peaks near 260 = 53.0° split 220 and 002. An XRD pattern of the sol gel
synthesized potassium niobate doped with varying amounts of Cr®* are shown in Figure 5.2.

From the XRD, there is no evidence of other phases in the sample.

Happek Group Undoped and Doped KNbO, XRD Pattern
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Figure 5.2: XRD of KNbO3: 0.005, 0.01, 0.05, and 0.1 mol% Cr3* using Co Ko fabricated
in the Happek Group Lab.
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Figure 5.3: 3-D view of XRD of x% Cr*" KNbO; using Co Ko fabricated in the Happek
Lab.

As can be seen in the Figures 5.2 and 5.3 there appears to be some differences in peak
intensities as the percentage of Cr®* is added. This may be due to ion size or the replacement
of chromium ions in place of niobium atoms and reaching some saturation point The ionic
radii of Nb®* is 0.64 Aand Cr3* is 0.62 A. To futher this research and better understand what
may be the cause of this change in intensities along with the change in mol % of trivalent
chromium, Williamson Hall plots of the XRD are used in the next section of this research.
The Williamson Hall plot can give us information on the stress and strain along with the

crystallite size of the crystalline material that could contribute to the intensity changes.
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5.2 WILLIAMSON HALL ANALYSIS OF XRD PATTERN OF THE HOST KNBOj3; AND

KNBO3:X% CR3*

From the XRD pattern of the undoped KNbOj3 in Figure 5.1 the peaks are consistent with
that of KNbOj from [ICDD 32-0822.] No other secondary phases such as K;NbgO;7, K,COs3,
or NbyO5 were found which indicates the formation single phase KNbOs. As can also be
seen from Figure 5.2 the undoped sample is found to be orthorhombic in structure, due to
the split of the diffraction peaks, (220) and (002) [56]. Past reports on KNbOj3 have shown
that it goes through phase transitions from rhombohedral to orthorhombic at 10 °C, from
orthorhombic to tetragonal at 225 °C and then from tetragonal to cubic at 435 °C tempera-
ture [57]. Therefore, in the current work an observed orthorhombic phase of KNbOj3 sample
at room temperature agrees with these reports.

The Williamson-Hall graphs were plotted for each sample of KNbOj3 from the undoped as
well as the KNbOs:x% Cr3*. The slopes of the Williamson Hall plots were approximated
from the full widths at half maximum (FWHM) of the XRD reflection peaks of some of the
most intense peaks, that showed changes with increased dopant percentatges of Cr®* which

include (110), (220), and (002).

A
Beost = Desing + % (5.1)

Where [ is the FWHM, k is the Scherrer constant, A is the X-ray wavelength and e
is the microstrain. The slopes were determined by the following Williamson-Hall plots of
peaks (110), (220), and (002) when the fits for the FWHM were possible for the peaks. All
FWHM’s were done using OriginLab 2018. Figures 5.4 - 5.8 show the Williamson-Hall plots
for the host KNbO3 and KNbO3:x% Cr** where x is .005 - 0.1 mol%.
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Williamson-Hall Plot KNbO,: 0.1% Cr3*
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Figure 5.8: Williamson-Hall Plot KNbO3: 0.1 mol% Cr3*

The positive value of the slopes indicates that the crystals are in tensile mode. Tensile
mode refers to the behavior of crystalline materials when they are under tensile stress.
Tensile stress is a force that attempts to stretch or elongate a material. This relates that
the crystalline material is pulled and could be experiencing deformation. The response of
the crystal to tensile stress depends on its atomic arrangement, bonding and other intrinsic
properties. Which could be part of the cause in difference in XRD intensity peaks with the
change in mol%.

Another aspect of the slpes from the Williamson-Hall plots of the host KNbO3 and
KNbO3:x% Cr3* where x is .005 - 0.1 mol% it can be seen that as the concentration of the
dopant (Cr3") increases, so does the slope of the line-fit up to what appears to be a satura-
tion point, then the slope begins to decrease. This could be due to microstrain or change in
crystallite structure. The slope of these lines provide the value of the intrinsic strain. The
origin of the lattice strain mainly comes from the lattice expansion or contraction in the
nanocrystals due to size confinement. However, many defects also get created at the lattice

structure due to size confinement which can result in lattice strain.

From the information found in the Williamson-Hall plots in Figures 5.4 — 5.8 the crys-

tallite size can be found. Using the y-intercept from the line fit given in each figure the
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crystallite size can be estimated. The y-intercept from each slope is equated to the Scherrer
equation for Figures 5.4 — 5.8 that correspond to the increasing mol% of dopant that was

added to the KNbOj3 host lattice respectively.

O\
y — intercept = % (5.2)

Where 0.9 is the shape factor, A is the wavelength of the X-ray source (in this case is A

— 1.79 A).
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Table 5.1.  Values of crystallite sizes of KNbO3 and KNbO3:x% Cr3T where the
concentration of Cr®*t is increased from 0.005 to 0.1 mol%

Polycrystalline Material ~ Values for Crystallite Size

KNbO3 53.7 nm
KNbO5: 0.005 mol% Cr3+ 47.4 nm
KNbO3: 0.01 mol% Cr3+ 805.5 nm
KNbO3: 0.05 mol% Cr3+ 107.4 nm
KNbOj3: 0.1 mol% Cr3+ 322.2 nm

The changes in crystallite size can provide some insight into the structural and compo-
sitional changes of a host material such as KNbO3; when doped with an increasing mol%
of Cr3T. One effect of doping that could possibly cause a change in crystallite size is peak
broadening. The width of diffraction peaks is inversely related to the crystallite size accord-
ing to the Scherrer equation. This could show that as the molar percentage of the dopant
is increased and the crystallite size decreases, the peaks in the XRD pattern may become
broader. Conversely in the case of this research there appears to be some peak narrowing as
the dopant is increased to 0.01 mol% showing that there is some possible peak narrowing.
However as the mol% of the Cr®* continues the crystallite size appears to decrease which
suggests peak broadening. Intensity of XRD peaks can also be changed by the amount of
polycrystalline material present but also by the crystalline structural changes. Doping can
introduce defects or alter symmetry of the crystal lattice, where in the case of this research
the structural changes could be due to the size difference of Nb°* and Cr3* along with the
possible charge compensation causing a loss of an oxygen anion. Since the dopant occupies
lattice sites within the host structure this can cause changes within the periodic arrangement
of atoms, which can potentially decrease the intensity of certain peaks while increasing the
intensity peaks in others. From Table 5.1 it can easily be seen that as the mol% is increased

so to is the crystallite size up to some saturation point where the most intense peaks at
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KNbO3 doped with 0.01 mol% of Cr®" and the largest estimation of the crystallite size of

805.5 nm.
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CHAPTER 6

CONCLUSIONS

In summary the figures and narrative show that KNbO3; doped with Cr3* ions is pho-
torefractive in the NIR. Single phase KNbO3 and KNbOs:x% Cr®* were derived using the
sol-gel method. The experiments confirm that sol-gel fabricated potassium niobate is highly

stoichiometric and does not contain any other phases of potassium niobate.

For the crucial parameter of the location of the impurity groundstate with respect to the
conduction band, theoretical calculations were made using the nearest neighbor Madelung
potential and the Madelung energy that was calculated using the VESTA program both with
Oxygen and Niobium vacancies for the parameter of charge compensation [8]. The results
from the nearest neighbor Madelung potential in conjuction with the ionization energy of
Cr** in a vacuum and the Madelung lattice energy calculated using the VESTA program to
find the photoionization energy of Cr3* within the host KNbO3 were in agreement with the
sugggestions from theoretical computational research of Bhattacharya et. al. [3] and Sutter

et al [12].

XRD experimental data was analyzed theoretically by Williamson Hall plots. The
Williamson Hall plots showed an appearance of some correlation with microstrain and change
in intensity of XRD peaks when the Cr3* dopant was added in rising percentages. This could
be interpreted as a dependence on the atomic structure of the dopant causing lattice defects
and dislocations. Aother aspect of Williamson-Hall plot is using the y-intercept to estimate

crystallite size. Crystallite size can influence optical properties of a material which is crucial
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in this research. The crystallite size went up to a maximum size of 850 nm as the dopant
concentration went up to 0.01 mol%. This could show that at a minimum or maximum crys-
tallite size could relate to optimal optical properties. This may in turn show that the proper
crystallite size will have a photoionization energy in the NIR. With further experimental
research a correlation to the crytallite size and optium optical properties could possibly be
shown using Fourier Transform Infrared (FTIR) and Photoconductivity measurements of

each doped sample of KNbOs.

66



CHAPTER 7

FUTURE WORK

It has been shown that KNbOs:x% Cr3t appears to be photorefractive in the near in-
frared. For an experimental understanding of the location of the impurity groundstate
with respect to the host valence and conduction bands, photoconductivity or similar optical
techniques are useful. If samples are available in polycrystalline form only, IR stimulated
luminescence is the preferable technique to find the location of impurity energy levels within
the host bandgap, provided the impurity center does not luminesce. Briefly, in this technique
the sample is irradiated at a fixed frequency at low temperature for a pre-defined period. The
illumination is then turned off, and the sample is either heated up and thermoluminescence
is observed or the sample is irradiated with infrared radiation and IR-stimulated radiation
of the impurity is observed. The important point in both versions is that the stimulated
luminescence requires trapped charges that have or have not been filled during the initial,
optical, illumination process. If the energy of the optical excitation is sufficient to promote
an electron to the conduction band thermoluminescence and IR-stimulated radiation is ob-

served.

On the other hand, if the photon energy is insufficient to bridge the gap between im-
purity ground state and host band, no traps can be filled, and no stimulated luminescence
can be observed. Therefore, by systematically varying the excitation photon energy from
low to higher energy and searching for stimulated luminescence after each illumination pro-
cess, a threshold can be established at which the photon energy is just sufficient to promote

electrons into the host conduction band. This energy then is the desired energy difference
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between the impurity ground state and the host conduction band. If the impurity ion does
not luminesce (which is likely the case if the groundstate lies at an energy of less than 1
eV below the conduction band), photoconductivity experiment will be performed: A pair of
electrons are pressed onto the sample at a distance of about 1 mm and a potential difference
of about 1,000 V is applied. The gap between the electrodes is then illuminated with the
output of a tuneable light source. While the light source is scanned from low to high photon
energies, the current between the electrodes is recorded. When the photon energy is sufficient
to promote impurity electrons into the conduction band; the current, which is proportional
to the carriers in the conduction band will increase and the location of the impurity ground
state relative to the conduction band can be established. Concerning the photoconductivity
measurements; it is problematic to lower the temperature of the polycrystalline chromium
doped potassium niobate due to phase changes that occur when the experimental material
is lowered far below room temperature. When this material changes phases it also changes

electroptic properties of orthorhombic potassium niobate in general.
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