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ABSTRACT:

The Seebeck coefficient of a material is the voltage produced by that material when a
temperature gradient has been introduced between its two ends. The Seebeck coefficient is important
because it tells us the sign of the carriers present and can be used to help in energy conservation as heat
is transformed into a potential. In this report the Seebeck coefficient of p-type BiCuOeSe:Ca
semiconductors on MgO substrates were determined experimentally between temperatures of 60-300 K
using the a method in which a small temperature gradient (about 4 K) is applied to two ends of the
sample and is measured by a differential thermocouple while the potential created by the sample is also
measured. Doping levels varied from 1.79% to 2.38%. Subsequent measurements are taken as both the
temperature gradient and the potential of the sample return to 0. At low temperatures BiCuOSe:Ca
behaved metallically, that is the Seebeck coefficient decreased linearly with temperature. The Seebeck
coefficient did not decrease with increased doping as expected and in fact the amount of doping had no
relation to the Seebeck coefficients of the samples, but the amount of doping was similar among the
samples and thus no real conclusion could be drawn between the amount of doping of the BiCuOSe:Ca

samples and their Seebeck coefficient.

At the high temperature limit of 300 K the carrier concentration was determined through Hall
analysis and also through the method by Chaikin and Beni in which the carrier concentration depends
only on the Seebeck coefficient. The method was tested on previous indium tin oxide (ITO) data and
then on BiCuOSe:Ca. Both types of samples indicate a large disagreement (by at least an order of
magnitude) between the two theoretical carrier concentrations (with the method by Chaikin and Beni
being higher than that of the Hall theory). It is believed that this large difference is due in part to not
enough neighboring interactions being taken into account (with the Chaikin and Beni method) and also
that 300 K may not be a high enough temperature limit to apply the model. It was determined that a
high temperature limit is between 2000-10,000 K by solving for the temperature at which both models

would be in agreement.
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Section 1: Introduction

The purpose of this paper is to experimentally determine the Seebeck coefficient of BiCuOSe:Ca as the
temperature of the sample decreases, and to determine how various levels of doping BiCuOSe with
calcium affect the Seebeck at these different temperatures. This paper also investigates how the carrier
concentration changes with temperature. The carrier concentration can be determined by knowing the
resistivity, the Seebeck coefficient, and the lattice parameters of the material. BiCuOSe has lattice
parameters a=b=3.921 ,&, c=8913A (Stampler, et al. 2008) (Zakutayeyv, et al. 2011).). Itis arranged in
“alternating layers of [Cu,Se,]* tetrahedra and anti-flourite [Bi,0,]* distorted tetrahedra in a tetragonal
P4/nmm structure” (Tate, et al. 2008) (P4/nmm refers to the space group of the material). Fig. 1.1 shows

the lattice structure of BiCuOSe.
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Figure 1.1: The BiCuOSe atomic structure. This picture was taken from (Stampler, et al. 2008). The red dots represent oxygen,
the purple represent bismuth, the gold represent copper, and the yellow represent selenium.

The Seebeck effect, named after Thomas Johann Seebeck who discovered it in the early 1820’s, is the
ability of a material to produce a voltage when a temperature gradient is introduced between its two
ends (Seebeck 1822). It is the basis for thermocouple physics. He found that when two different metals
are joined together and their junctions are held at different temperatures, a current flows between them

(Fig. 1.2).
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Figure 1.2: T.J Seebeck found that current will flow between two different metals if their junctions are held at different
temperatures.

Here the Seebeck effect of different BiCuOSe (bismuth copper oxy selenide) thin films doped with
varying levels of calcium on MgO (magnesium oxide), and SrTiO3 (strontium titanate) substrates were
measured at varying temperatures. (Doping is the term given to creating impurities in the crystal lattice

structure of the material).

Electrons can only exist in certain energy levels in an atom. When two or more atoms combine to form
a molecule their atomic energy levels also combine. The combination of energy levels of molecules
creates a continuum of energy levels called bands. The two main bands are the valence band and the
conduction band. The valence band consists of the highest filled energy levels (Tan, et al. 1994). The
conduction band consists of the higher energy levels of a material, it is responsible for electrical
conduction because its energy levels are mostly empty electrons are free to move around whereas in the

valence band there are not a lot of free states available for the electrons to move into (Singh 1994).

The density of states determines the allowed energy levels of a material and is given by:

aw (k)

b =G,
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where W(k) is the volume of particle in k-space



W (k) = c, k™ 1.2

. Kis a vector determined by the molecular wave equation in 3-space
- 1 ik-R
[k >= =Xre™ " IR > 1.3

where R is a lattice vector extending out from the origin of the lattice to any point in the lattice, N is the

number of lattice sites, and k is the wave vector in 3-space given by:

2mm

kx,y.z = Na 1.4

a is the lattice parameter (in either x, y, or z direction) and m is just an integer.

Plotting the energy vs. the density of states yields a graphical representation of valence and

conduction bands (Fig. 1.3).
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Figure 1.3: The DOS plotted against energy gives a graphical representation of the valence and conduction bands. This is a

plot of the DOS of undoped BiCuOSe using the Wein2K program with a k-mesh of 100 points. See Appendix B for lattice
sites of BiCuOSe.



In semiconductors and insulators there is a gap between the conduction and valence band, in metals
the valence and conduction bands overlap. The Fermi energy (Ef) denotes the highest filled electron

state at T = 0. The Fermi function F(E) tells us the probability of an electron having a certain energy

1
e (E-ER)/(KT) 41

F(E) = 1.5
where E is the energy level in question, Er is the Fermi energy, k is the Boltzmann constant (8.617 * 10-5

eV/K, not to be confused with the vector, k), and T is the temperature.

In metals, the conduction band and the valence band overlap and the Fermi level exists in the
conduction band. This means that conduction can technically occur at any temperature. In
semiconductors there is a bandgap between the valence and conduction band, but with enough applied

energy an electron is able to jump from the valence band to the conduction band, enabling conductivity.

Doping introduces impurities into the crystal lattice of the semiconductor which can create new
energy levels near the conduction or valence band. There are two different kinds of doping: n-type and
p-type. N-type doping refers to the addition of energy levels in the band gap that are closer to the
conduction band (raising the Fermi level). This means that it takes less energy to excite these electrons
to the conduction band. This occurs when a semiconductor is doped with an atom with more than
enough electrons to satisfy the bonds, leaving extra electrons to move through the semiconductor more
easily. Atoms that are used to create an n-type semiconductor are called “donors” because they donate
an extra electron. In n-type semiconductors the electrons are the majority carriers and the holes are the
minority carriers. P-type doping creates energy levels near the valence band (effectively lowering the
Fermi level) by atoms with not enough electrons to satisfy all of the bonds of the atom it replaces, in this
way “holes” are introduced to the valence band . The electrons from neighboring atoms to try to
complete the bond, leaving their atom a positively charged ion. Electrons move through the crystal by
filling in the holes, making the holes themselves move from atom to atom. Atoms used to create p-type
semiconductors are called “acceptors” because they readily accept neighboring electrons®. The holes

are now the majority carriers and the electrons are the minority carriers. It is important to note that



doping leaves the semiconductor neutrally charged (that is, it does not change the charge of the

molecule).

Undoped BiCuOQSe consists of [Cu,Se,]*" and [Bi,0,]* molecules connected together such that all of the
bonds are satisfied (Tate, et al. 2008). BiCuOSe:Ca is a p-type semiconductor with holes in its valence
band created by calcium. When BiCuOSe is doped with calcium, the calcium replaces a small fraction of
the bismuth and only supplies two electrons for bonding, creating a hole in the valence band. In

BiCuOSe, two atoms per unit cell are hosts to the carriers.

The way that the Seebeck effect happens is that one end of the material is heated while the other
end is cold. This heat is a form of energy which excites the carriers. Carriers will diffuse from the hot
end to the cold. In p-type semiconductors the holes move towards the cold side giving the cold side a
positive potential with respect to the hot side, whereas in n-type semiconductors the free electrons
move towards the cold side giving it a negative potential with respect to the hot side. The Seebeck

coefficient is then calculated in microvolts per Kelvin as:

|4 -V
S = _( Hot Cold) 1.6
THot—Tcold

which gives the negative of the potential of the hot block with respect to the cold over the temperature
gradient of the hot block with respect to the cold. This tells us that for n-type semiconductors the
Seebeck coefficient will be negative while for p-type semiconductors the Seebeck coefficient will be
positive (Kasap 1996) (Easley 2003). “The sign of the Seebeck coefficient represents the potential of the

cold side with respect to the hot side.” (Kasap 1996).

Previous Seebeck coefficient measurements indicate that undoped BiCuOSe has a Seebeck coefficient
that increases with decreasing temperature while heavily doped BiCuOSe:Ca has a Seebeck coefficient
that behaves metallically with decreasing temperature (Fig. 1.4) (Zakutayev, et al. 2011). An increasing
Seebeck coefficient with decreasing temperature is due to phonon drag, which is the increase of the
effective mass of the carriers. This paper will determine how minimal doping with Ca effects the

Seebeck coefficient behavior with decreasing temperature.
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Figure 1.4: Previous measurements of undoped BiCuOSe show a Seebeck coefficient trend that increases significantly with
decreasing temperature due to phonon drag while BiCuOSe:Ca doped with 10% Ca shows a more metallic trend as the
Seebeck coefficient decreases linearly with temperature. This data taken from (Zakutayev, et al. 2011).

There is a method proposed by Chaikin and Beni (Chaikin and Beni 1976) (Easley 2003) in which the
carrier concentration can be determined for a high temperature limit. They propose that in a high
enough temperature limit the Seebeck coefficient can be determined solely by the carrier concentration,
the Boltzmann constant, and the absolute value of the charge of an electron.

The Seebeck coefficient (which they refer to as “thermoelectric power”) is:

_ 5(2)/5(1) + u/e
T

S = 1.7

where S" and 5 are determined from the Hamiltonian, the chemical potential, and energy and flux
operators, u is the chemical potential, T is the temperature, and e is the absolute value of the electron
charge. However, in the high temperature limit, the Seebeck coefficient simplifies to one of the following

(given certain restrictions):

Region of Applicability Seebeck Coefficient
k 2-c
Fermions With Spin kT>>Uo, U, - ﬁ1n
e c
. . k 2(1-¢)
On-Site Repulsion Uo>>kT>> U, T - ﬁ1n
e c
. . k = 2(1—2c)?
Nearest-Neighbor Interactions Uo>U>kT>> Uy, T - p—— =7
le] c(1-2¢)
k = 2(1—bc—c)b*?
General Form Uo>U; ... Up>kT>> Upsp,, T ——1In
le] c(1 —bc)?

k is the Boltzmann Constant, U, is the on-site coulomb interaction, U; is thejth neighbor interaction (b is
an integer), and c is the ratio of particles to sites. The carrier concentration is
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c
PcB = 3 1.8

Vis the volume of a lattice cell.
This paper compares the first three theories (fermions with spin, on-site repulsion, and nearest

neighbor interactions) to the Hall theory of the carrier concentration.

The Hall theory gives the carrier concentrations as:

Bzlyx
= ——Zx 1.9
pH dVHe

where B, is the applied magnetic field (in the z direction), I, is the current (in the x direction), d is the film
thickness, V is the measured Hall voltage, and e is the electron charge. (Hall carrier concentrations of
ITO were determined by Prof. Brandon Brown, Department of Physics, University of San Francisco, and
Hall carrier concentrations of BiCuOSe:Ca were determined by Jason Francis, Department of Physics

(graduate student), Oregon State University).

First, these methods are compared to the carrier concentration and Seebeck coefficient data of ITO

and then the method is used to compare with that of BiCuOSe:Ca.

There are two important assumptions made in analyzing the data of both materials. The first is that
ITO only has eight carrier host sites per cell. The second is that 300 K is a high enough temperature limit.

This paper also explores a theory for determining a high temperature limit.

ITO is an n-type semiconductor with a cubic lattice (in the la3 space group) of a =10.117 A (Gonzalez,
et al. 2001) (Tahar, et al. 1998). It has 80 atoms per unit cell, it is uncertain just exactly how many atoms
are carrier hosts, however the assumption that only eight contribute in ITO was taken from “Neutron

diffraction study on the defect structure of indium-tin-oxide” by Gonzalez, Cohen, Hwang, and Mason.
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Section 2: Methods

The Seebeck coefficient of BiCuOSe:Ca thin-film semiconductors (on SrTiO3 (strontium titanate))
was measured relative to Cu (which has a Seebeck coefficient of about 2 pV/K at 300 K) (Kasap 1996)
using a method in which one end of the sample is heated and the other is not. This creates a small
temperature gradient between the two ends of the sample. A Seebeck voltage is then generated across
the sample. This voltage is measured and the Seebeck coefficient is calculated from Equation 1.2.
(Typical temperature gradients are between 1-5 K, in this lab the temperature gradients were between 3-
5 K, and for most materials the voltages are in the range of millivolts, yielding a Seebeck coefficient
between 10-100 pV/K). The base temperature of the entire system can be varied from 60-300 K with the

use of a closed cycle refrigerator.

Experimental Setup:

Apparatus with casing; Seebeck Apparatus:
\\%“‘ .
Copper Copper
“Hot" Block “Cold" Block

| Outer Sheﬁ

Chromel |

SN

[Type-K Thermocouple l

Type-K Thermocouple

Figure 2.1: The Seebeck Apparatus: the left diagram shows the Seebeck apparatus enclosed in a cryogenic vacuum casing
used for temperature control while the right shows the Seebeck apparatus. A sample is placed between the hot and cold
blocks which produces a voltage when the blocks are at different temperatures.
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The apparatus (Fig. 2. 1) consists of two copper blocks sitting on top of an insulated column; these
blocks are in thermal contact with the column, but remain electrically isolated from it. A 19 & resistor is
placed in one of the copper blocks and is connected to a Keithley 2400 Source Meter. The meter is used
to apply a voltage of 5 V to the 19 Q resistor, effectively heating the block (this creates the 3-5 K
temperature gradient between the blocks at room temperature). This block is referred to as the “hot”
block. The resistor is insulated from the copper block such that no current flows between the “hot”

block itself and the Source Meter.

Bird's Eye View of Seebeck Apparatus: Circuit Diagram of Experimental Setup:

To Tektronix
DM5120 (Delta V)

Chromel Wire
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Figure 2.2: The Seebeck Setup: the left diagram shows a bird’s eye view of the Seebeck Apparatus and the right shows a circuit
diagram of the experimental setup. The left block is heated using a 19 Q resistor while the cold block is held at the
temperature of the chamber. A thin film sample is placed between the blocks which produces a voltage read by the
Tektronix DM5120 while the Keithley 195A Digital Multimeter measures the temperature gradient between the blocks.
Plotting the potential difference over the temperature gradient gives us the Seebeck coefficient.

A copper wire connects to the hot block and a copper wire connects to the cold block (Fig. 2.2),
these wires go to the Tektronix DM5120 Programmable Digital Multimeter which records the potential
difference between the two blocks produced by the sample once a temperature gradient has been
introduced between them. Next, a type K thermocouple (Fig. 2.3) of chromel (a p-type metal consisting
of 90% nickel 10% chromium) (MatWeb Material Property Data 1996) and alumel (an n-type metal
consisting of 95% nickel, 2% manganese, 2% aluminum, and 1% silicon (MatWeb Material Property Data.

1996) wires is used to measure the temperature of the cold block (which is effectively the temperature
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of the entire system) with respect to room temperature; the ends of the chromel and alumel wires are
fused together to the cold block and the other ends are connected to the LakeShore DRC-91CA
temperature controller which is pre-calibrated to convert the potential to Kelvins. A differential
thermocouple (Fig. 2.4) of chromel fused at both ends with alumel connects to the hot and cold blocks
respectively. The potential between the two open ends of the alumel wires is read by the Keithley 195A
Digital multimeter; this potential is converted to Kelvins using Chart 2.1. A differential thermocouple is
one in where two junctions are created between two dissimilar metals; one of the metals is severed such
that a potential difference can be measured between the two severed ends corresponding to the
potential difference between the junctions when the junctions are at different temperatures (OMEGA
Engineering 2003) (Kasap 1996). A normal (in this case, a K-type) thermocouple utilizes one junction of
two dissimilar metals (chromel and alumel) held at some temperature while the potential is measured

between the two open ends held at some other temperature (in this case room temperature).

Alumel {n-type)
//( O

s
Temperature of
Apparatus o}

AV Room
Temperature

Chromel (p-type)

Figure 2.3: The k-type thermocouple measures the potential difference between chromel and alumel created when two ends
are fused together and held at the temperature of the Seebeck apparatus and the other two ends are held at room
temperature. The potential gradient is measured between the two open ends at room temperature and is then converted
to Kelvin by the Lakeshore Temperature Controller.

Chromel {p-type)

d N\

Alumel {n-type)

Yhot Veold
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Figure 2.4: The differential thermocouple measures the temperature gradient between the hot and cold blocks. One end of
each alumel wire is fused together with a singe chromel wire and the junctions are connected to the hot block and the cold
blocks respectively. The differential thermocouple measures the potential difference between the two open ends of the
alumel wire and the potential is then converted to Kelvin using the Type-K Seebeck calibration chart (Chart 2.1).

Procedure:

The surface of both copper blocks is sanded clean and wiped down with methanol, indium strips are
laid down, and then the sample is clamped onto the indium strips via screws and a plastic clamp. These
strips are used to establish a good electrical connection between the copper blocks and the sample;
good electrical contact is essential to measuring the Seebeck coefficient so the two blocks must be as
clean as possible. (Care must be taken not to make the connection too large as it decreases the
resistance between the sample and the blocks which can result in a lower Seebeck coefficient). This
resistance is measured by the multimeter before the Seebeck coefficient is measured and tells us how

good the contacts between the sample and the blocks are.

At room temperature a potential of 5 V is applied by the Keithley 2400 Source Meter to the hot
block’s resistor, heating the block until the thermocouple connected to the Keithley 195A Digital
multimeter reads a 0.15 mV potential gradient between the hot and cold blocks. The applied voltage is
then returned to 0 V (that is, no more heat is applied to the hot block). Using the LabView computer
program (Easley 2003) data is taken as the hot end of the sample cools back down to the temperature of
the apparatus (and the potential gradients of the sample and of the thermocouple are returned to 0).
LabView records the temperature of the apparatus (the Lakeshore DRC-91CA), the differential
thermocouple voltage (the Keithley 195A), and the voltage produced by the sample (the Tekronix

DM5120).

When taking temperature-dependent data the Seebeck apparatus is isolated in an inner casing and
then enclosed in an outer shell which is clamped down at the base to ensure a proper seal of the
cryochamber. The chamber is then vacuum sealed to about 2 * 10-6 Torr and the temperature is varied
using a closed cycle helium refrigeration system. The helium is pumped into the chamber with a
compressor, it immediately expands in the vacuum and cools the chamber to (in this experiment) 60 K.
At sufficient pressure, the helium will push down a piston, allowing it to return to the compressor and

repeat the process. A silicon diode situated at the base of the column in the Seebeck apparatus (not

14



shown in Fig. 2.1) applies heat to the system using the LakeShore 320 Autotuning Temperature
Controller. When the temperature of the 320 Autotuning temperature controller is the same as that of
the LakeShore DRC-91CA temperature controller the system is in thermal equilibrium and the Seebeck
coefficient may be measured. At very low temperatures the potential gradient is a lot smaller, this is
because at low temperatures the Seebeck calibration is much smaller and a small change in the potential

corresponds to a large change in the temperature gradient.

Analyzing Data:

The data is then analyzed in an excel spreadsheet (Easley 2003). The differential thermocouple
voltage must be converted to Kelvins using the conversion chart (Fig. 2. 4) which gives known Seebeck
coefficient of the k-type thermocouple at varying temperatures (the Lakeshore Controller tells us the
temperature of the apparatus and the chart gives the corresponding Seebeck coefficient of a chromel-
alumel thermocouple at that temperature, so the potential read by the differential thermocouple
connected to the Keithley 195A is divided by the Seebeck coefficient to convert the potential to Kelvins).
Next the voltage produced by the sample is plotted against the temperature gradient and the slope of

the line gives us the Seebeck coefficient of the sample in microvolts per Kelvin:

Type K Thermocouple Temperature Calibration Curve
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Figure 2.4: The type K Seebeck coefficient thermocouple temperature calibration curve. Taken from: The calibration of
thermocouples and thermocouple materials [microform] / G.W. Burns and M.G. Scroger. QC100 .U565 no.250-35. Valley
Library.
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Section 3: Results

All four samples of BiCuOSe:Ca where first measured at room temperature and then again at
subsequent intervals of 10 K from temperatures ranging from 60 K all the way up to 300 K (room
temperature) while the chamber was approximately 2.8 * 10° Torr. Note that all Seebeck coefficient
measurements are relative to Cu (which has a Seebeck coefficient of approximately 1.83 uV/K at room
temperature). The resistance of the material relative to the copper blocks and indium strips was also
measured as the temperature varied. This tells us how well of a connection the sample was making with
the blocks during the measurement. This is important because at low temperatures the resistance tends

to go down.

The samples of BiCuOSe:Ca were meant to be doped with 6% Ca meaning that 6% of the Bi was to be
replaced with Ca, however, due to technical difficulties with the equipment, the samples were not doped
at 6%. These samples were made with different degrees of fluence (the amount of energy used to create
each sample). Sample 110222 (2.38% Ca) was made with a fluence of 1.5 J/m?, sample 110223 (1.79%
Ca) with 1.0 J/m?, sample 110223-03 (2.37% Ca) with 1.75 J/m?, and sample 110224 (2.27% Ca) with 1.25
J/m?(see Appendix C). Appendix C gives the Hall parameters measured by Jason Francis, Department of

Physics (graduate student), Oregon State University, including the chemical composition of each sample.

Seebeck vs. Temperature of BiCuOSe:Ca
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Figure 3.1: This shows the Seebeck coefficient trends of the BiCuOSe:Ca samples measures as a function of temperature.

Notice that they all to follow the same metallic trend, that is, they all to decline linearly with decreasing temperature.
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These samples seem to have a metallic trend, that is, their Seebeck coefficients decrease linearly with
temperature (Fig. 3.1). This behavior is seen for all levels of doping and is consistent with the previous
BiCuOSe:Ca trends as reported in Zakutayev, 2011. It is apparent that for BiCuOSe:Ca doped with as little
as 1.79% Ca that the behavior of the material is metallic and does not exhibit phonon drag as does

undoped BiCuOSe.

Sample 110222 as a function of resistance
(T=60...300K)
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Sample 110223-03 as a function of resistance
(T=60...300K)
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Figure 3.4: Seebeck coefficients of the BiCuOSe:Ca samples as a function of resistance. Notice how Sample 110224 stands out

from the rest.

Sample 110223-03 has an almost linear relationship between the resistance and the Seebeck
coefficient indicating that they are both changing at a constant rate with the temperature. Samples
110222 and 110223 have a resistance that increases more rapidly with temperature than does the
Seebeck coefficient and Sample 110224 has the opposite trend; the Seebeck coefficient increases more
rapidly with temperature than does the resistance. It is uncertain why this affect happens and
unfortunately | was not able to duplicate the temperature dependent readings on these samples due to

equipment malfunctions.

The contacts that the sample makes with the copper blocks is hard to duplicate exactly as the amount
of indium in direct contact with the samples and the blocks was not the same from sample to sample nor

even between one day to the next for a disturbed sample (that is, if the sample was physically removed

18



and then replaced). Thus, no real conclusion can be made about the resistance readings of the samples

at varying temperatures.

It is not clear from all four temperature dependent readings whether the amount of Ca present in the
sample bears any relation to the Seebeck coefficients obtained (the Seebeck coefficients can vary by as
much as 8 pV/K for any given sample). In theory, the less a p-type semiconductor is doped the lower the
Seebeck coefficient value should be. Since the amount of Ca is roughly the same throughout each
sample it's hard to gain a reasonable conclusion. It seems as though the fluence used when creating
each sample did to some extent determine the amount of calcium in the sample (the lowest, sample
110223, at 1.0 J/m? only had 1.79% Ca while samples 110222 (2.38% Ca) and 110223-03 (2.37% Ca) were
made with the highest fluence, 1.5 and 1.75 respectively (Appendix C), but that it bore no real
connection to the Seebeck coefficients obtained. Taking a look at the Bi:O and Cu:Se ratios (Appendix C)
some insight into the impurities of the samples are seen. These samples are not perfect BiCuOSe:Ca

samples and thus may not behave as we may theorize they should.

Using the Chaikin and Beni model to compare the carrier concentration to the Hall carrier concentration
of the front side of the ITO sample (Table 3.1) we see that in all three Chaikin and Beni models that the
model is higher by an order of magnitude than that of the Hall carrier concentration, however the amount
that the model is off seems to decrease as we account for the nearest neighbor interaction. It may be that
if we accounted for the next neighboring interaction (j = 2) that the model would be a little more agreeable
to the Hall model. The same is true to an extent for the back side of the ITO sample, however the back
seems to disagree a whole lot more than does the front, the Chaikin and Beni model is at least 2 orders of
magnitude larger than the Hall model. It does seem to decrease a little as the next nearest neighbor
interaction is taken into account, but it does not seem to decrease dramatically. This could mean that not

enough neighbors are being accounted for, but it could also mean that 300 K is not a high enough
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temperature limit for Chaikin and Beni's proposed theory for ITO.

ITO Front
Region where kT>>U,, U; Region where Uy >>kT>>1Uj;, T Region where U, >U;>kT>> Ujs4, T
Temp. () [Hall p (cm?) Chaikin and Beni p (cm?®) |Hall p (cm'3) Chaikin and Beni p (cm?®) [Hall p (Cm-a) Chaikin and Beni p (cm™)
p1 [
18 7.84E+20 5.15E+21 7.84E+20 7.71E+21 7.84E+20 2.58E+21 5.19E+21
40 7.69E+20 5.13E+21 7.69E+20 7.65E+21 7.69E+20 2.57E+21 5.19E+21
60 7.81E+20 5.11E+21 7.81E+20 7.61E+21 7.81E+20 2.56E+21 5.20E+21
80 7.85E+20 5.09E+21 7.85E+20 7.58E+21 7.85E+20 2.56E+21 5.20E+21
100 7.90E+20 5.08E+21 7.90E+20 7.55E+21 7.90E+20 2.56E+21 5.21E+21
120 7.89E+20 5.07E+21 7.89E+20 7.53E+21 7.89E+20 2.55E+21 5.21E+21
140 7.89E+20 5.05E+21 7.89E+20 7.48E+21 7.89E+20 2.55E+21 5.22E+21
160 7.94E+20 5.05E+21 7.94E+20 7.48E+21 7.94E+20 2.54E+21 5.22E+21
180 7.93E+20 5.03E+21 7.93E+20 7.44E+21 7.93E+20 2.54E+21 5.23E+21
200 7.89E+20 5.02E+21 7.89E+20 7.41E+21 7.89E+20 2.53E+21 5.23E+21
220 7.93E+20 5.00E+21 7.93E+20 7.38E+21 7.93E+20 2.53E+21 5.23E+21
239 7.98E+20 4.99E+21 7.98E+20 7.36E+21 7.98E+20 2.53E+21 5.24E+21
259 7.81E+20 4.98E+21 7.81E+20 7.34E+21 7.81E+20 2.52E+21 5.24E+21
278 7.81E+20 4.96E+21 7.81E+20 7.28E+21 7.81E+20 2.51E+21 5.25E+21
298 7.86E+20 4.97E+21 7.86E+20 7.31E+21 7.86E+20 2.52E+21 5.25E+21
ITO Back
Region where kT>>U,, U; Region where Uy >>kT>> U, T Region where U, >U;>kT>> Ujs4, T
Temp. () [Hall p (cm?) Chaikin and Beni p (cm?®) |Hall p (cm'3) Chaikin and Beni p (cm?®) [Hall p (cm'3) Chaikin and Beni p (cm™)
P1 P2
22 1.27E+19 5.12E+21 1.27E+19 7.65E+21 1.27E+19 2.57E+21 5.19E+21
33 1.33E+19 5.10E+21 1.33E+19 7.59E+21 1.33E+19 2.56E+21 5.20E+21
44 1.32E+19 5.07E+21 1.32E+19 7.54E+21 1.32E+19 2.55E+21 5.21E+21
66 1.31E+19 5.02E+21 1.31E+19 7.43E+21 1.31E+19 2.54E+21 5.23E+21
77 1.39E+19 4.98E+21 1.39E+19 7.34E+21 1.39E+19 2.52E+21 5.24E+21
88 1.36E+19 4.96E+21 1.36E+19 7.30E+21 1.36E+19 2.52E+21 5.25E+21
110 1.40E+19 4.95E+21 1.40E+19 7.26E+21 1.40E+19 2.51E+21 5.25E+21
132 |1.43E+19 4.87E+21 1.43E+19 7.09E +21 1.43E+19 2.49E+21 5.28E+21
154 1.37E+19 4.83E+21 1.37E+19 7.01E+21 1.37E+19 2.47E+21 5.29E+21
176 1.42E+19 4.79E+21 1.42E+19 6.93E+21 1.42E+19 2.46E+21 5.31E+21
198 1.45E+19 4.75E+21 1.45E+19 6.85E+21 1.45E+19 2.45E+21 5.32E+21
220 |1.46E+19 4.72E+21 1.46E +19 6.78E+21 1.46E +19 2.44E+21 5.33E+21
242 1.51E+19 4.68E+21 1.51E+19 6.70E+21 1.51E+19 2.42E+21 5.34E+21
263.5 |1.45E+19 4.66E+21 1.45E+19 6.66E +21 1.45E+19 2.42E+21 5.35E+21
286 1.45E+19 4.59E+21 1.45E+19 6.52E+21 1.45E+19 2.39E+21 5.37E+21
BiCuOSe:Ca
Region where kT>>U , Uj Region where U  >>kT>> Ui’ T Region where U  >U >kT>> Ui>(' T
Sample # Temp. (K) |Hall p (cm?) Chaikin and Beni p (cm?®) [Hall p (cm?®) Chaikin and Beni p (cm™) |Hall p (cm?) Chaikin and Beni p (cm?®)
o, e,
110222 300 |[5.48E+20 1.12E+22 5.48E+20 1.10E+22 5.48E+20 4.27E+21 1.03E+22
110223 300 |[5.61E+20 1.09E+22 5.61E+20 1.18E +22 5.61E+20 4.42E+21 1.02E+22
110223-0f 300 |5.77E+20 1.13E+22 5.77E+20 1.08E+22 5.77E+20 4.24E+21 1.04E+22
110224 300 |[6.43E+20 1.09E+22 6.43E +20 1.17E+22 6.43E+20 4.40E+21 1.02E+22
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Table 3.1: The Hall carrier concentration and the Chaikin and Beni carrier concentration seem to differ by at least and order of
magnitude for temperatures between 22 -300 K. This probably indicates that 300 K is not a high enough temperature limit
for the Chaikin and Beni model.

When the Chaikin and Beni model is applied to the four samples of BiCuOSe:Ca we see that the same
type of pattern is present (see Table 3.1). That is, the Chaikin and Beni model disagrees with the Hall
model by two orders of magnitude. The Hall carrier concentration (in cm™) is around 10%° cm™ while the
Chaikin and Beni model suggests a carrier concentration of about 10”2cm™. The Chaikin and Beni carrier
concentration tends to decrease slightly with the number of neighboring interactions, but not by much.
| believe that 300 K is most likely not a high enough temperature limit for which the Chaikin and Beni

model applies.

By assuming that both of the models were linear with temperature | solved for the temperature at
which both of the models would be in agreement (for the ITO data), that is, the high temperature limit.
The ITO front data set the high temperature limit at 5753 K for the region where kT>>U,, U, 6990 K for
the region where Uy >>kT>> U;, T, and 9565 K for the region where Uy >U;>kT>> U;,;, T. The ITO back
data set the high temperature limit at 3981 K for the region where kT>>U,, U, 1994 K for the region
where U >>kT>> U, T, and 4229 K for the region where Uy >U;>kT>> U5, T. The region where
Uo >U>kT>> U;»4, Tyields two roots for the Chaikin and Beni carrier concentration (as the Seebeck
coefficient is a quadratic function), using the lower of the two roots (p;) allows a high temperature limit
to be found while the higher root (p,) will return an invalid temperature (negative K). Easley, 2003

explores the Chaikin and Beni theory further.
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Section 4: Conclusions

In conclusion, the Seebeck coefficients for BiCuOSe:Ca doped at 1.79%, 2.38%, 2.37%, and 2.27%
(Appendix C) all to behave metallically with decreasing temperature. Since the amount of doping does
not differ by much between these samples, no real correlation between the amount of calcium present
and the Seebeck coefficient can be made. It is clear, however, that all of the samples, regardless of how
much calcium was present in them, exhibit this metallic trend which is consistent with previous
BiCuOSe:Ca results reported in Zakutayev, 2011. Although the Seebeck coefficients themselves of this
experiment were much lower (at room temperature) than that of undoped BiCuOSe and the 10% doped
BiCuOSe:Ca obtained by them (150 puV/K and 130 puV/K respectively for their undoped and 10% sample
compared to this experiment's results of 43.908 uV/K (2.38%), 33.1 uV/K (1.79%), 45.9 pV/K (2.37%),
and 34.7 uV/K (2.27%)). Typically the Seebeck coefficient decreases with increased doping, but for
these samples that pattern is not seen. The ratios of Bi:O and Cu:Se give insight into the impurities of

the samples which may account for

The method by Chaikin and Beni to determine the carrier concentration from the Seebeck coefficient
and resistivity at a high temperature limit of 300 K for ITO on both the front and back of the sample
yielded a carrier concentration that was at least an order of magnitude greater than what was
determined by the Hall measurements. The degree at which the Chaikin and Beni model differed from
the Hall model seemed to decrease slightly when nearest neighbor interactions were taken into account,
but it seems as though 300 K is not a high enough temperature limit for which to apply Chaikin and Beni

model

Likewise, for the samples of BiCuOSe:Ca measured in this experiment, the Chaikin and Beni model is
about two orders of magnitude greater than the Hall model . As the next nearest neighbor interaction is
taken into account the extent at which the Chaikin and Beni model and the Hall model seems to
decrease slightly. Perhaps with more neighboring atom interactions the models would agree better, but
it is my belief that the significant difference in the Chaikin and Beni model and the Hall model is because
300 K is not a high enough temperature limit for the Chaikin and Beni model. Through iteration |
determined that the high temperature limit for which to apply the Chaikin and Beni model (the limit

where the Chaikin and Beni model matches that of the Hall) is between 2000-10,000 K.
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Appendix A: Carrier Concentration of Chaikin and Beni for ITO and
BiCuOSe:Ca

ITO Front
ITO FRONT

volumsa jangatrom) 1.03E+03

volums jcm™) 1.03E-21 “cammer concentration measured In ome-3
carrier hoats: In call B

siea per unit vol. jem™) T.TEE+H

& (Coulomb) 1.60E-19

boitzman conat. (BVIK) ELBZE-0S

kie BEZE-DS

Reglon wherne the on-site coulomb Ineraction Is much greater than KT which Is greater than the coulomb Interaction between slies | unks apart L))

Hall p fem™) Chalkin and Benl p [cm™) Temp. (K]  Sesbeck (pwiK)  Reelsiivily [fiem] [1-cjc C = fraction of holes
7.54E+20 5.15E+21 18 -1.30E+00 Wa 5.08E-01 6.63E-01
7.69E+20 5435+ 40 -2 50E+00 225504 5.15E-01 6.60E-0
7.51E+20 S11E+H =] -3.50E+00 235504 S.21E-O 6.58E-01
7.85E+20 S08E+21 80 -4 Z0E+00 225604 5.25E-01 6.56E-01
7.00E+20 SOEE+2 100 -4 TOE+00 226504 5.28E-01 6.54E-0
7.58E+20 SOTE+H 12 -5 20400 236504 53EO £.53E-01
7.59E420 S0SE+H 140 -6.30E+00 225504 5.38E-01 £.50E-01
7.54E+20 S.O0SE+21 160 -6.40E+00 ZIEM 5.39E-01 6.50E-01
7.53E+20 SO3E+2 180 -7.30E+00 2334 5.44E-01 6.45E-01
7.58E+20 SO2E+H 200 -7.50E+00 236504 5.48E-0 6.45E-0
7.93E4+20 S.00E+21 29 -E5.50E+00 23TE4 5.52E-01 644E-01
7.98E+20 4.59E+21 e -8.10E+00 ZADEM4 5.56E-01 6.43E-01
7.51E+20 4.58E+2 25 -8.40E+00 243D 5.58E-01 6.4ZE-0
7.51E+20 4.06E+H 73 -1.03E+M ZARE-4 S.67E-O1 6.38E-01
7.86E+20 4.57E+2 24 -L.0E#N MiA 5.62E-01 6.40E-01

Page 1

23



Front
Reglon where KT |5 much bigger than the on-sie coulom Interacton and U,

Hall p fcm™) Chalkin and Benl p fcm™) Temp. (K} Seebeck (pViK] Reslafivity [Qom) {2ciie  C=fraciion of holes
7.B4E+20 T.TIE+21 18 -1.30E+00 Mia 1.02E400 9.92E-01
7.E9E+20 7656421 40 -2.50E+00 2 35E4 1.03E400 9.85E-01
7.51E+20 T.HIE+21 &0 -3.50E+00 22564 1.04E400 9.30E-01
7.85E+20 7.58E421 a0 -4.20E+00 22564 1.05E400 9.76E-01
7.0E+20 7556421 100 -4.T0E+00 2 26E-4 1.06E+D0 9.73E-01
7.E9E+20 7.53E421 120 -5.20E+00 26E-4 1.06E400 9.70E-01
7.59E+20 7.4BE+21 140 -6.30E+00 22804 1.0BE+00 953501
7.84E+20 7.4BE+21 160 -6.40E400 2.31EM 1.0BE4D0 953501
7.53E+20 TA4E+21 180 -7.30E+00 2.33EM 1.09E+00 9.58E-01
7.E9E+20 TAIE+21 200 -7.50E+00 2.36E-04 1.10E400 9.54E-01
7.53E+20 7385421 220 -8.50E+00 2.37EM 1.10E400 9.51E-01
7.59E+20 7.36E+21 230 -3.10E+00 2 ADE-4 1.11E400 9.47E-01
7.B1E+20 T.ME+21 250 -9.40E+00 2AIE 1.12E400 9.46E-01
7.51E+20 7286421 278 -1.0BE+01 2 AGE-4 1.13E400 9.37E-01
7.B5E+20 T.HE+21 208 -1.01E+01 A 1.12E400 9.41E-01

Region whers the on-sie coulomib Interaction ks greater han he naarest naighton Interacon which |5 much greater than KT which ks much greater than the high tamg Imit and U,

Hall p fxm™) Chalkin and Benl p fcm™) Temp. (K} Seeback (pWK] Reslaiivity [icm) 2{1-2c)ic{1<) C© =fracfion of holes
[ 1] oy L
7.B4E+20 2.5EE+21 5 10E+21 18 -1.30E+I0 Mia 5.0EE-IM 33E04 E.55E-01
7.EOE+20 2.5TE4+21 5.10E+21 40  -2.50E+I0 2I5E-M 5.15E-IM IIED E.50E-01
7.51E+20 2.56E421 5.20E+21 60  -3.50E+00 225604 5.21E-HM 330E01 6.70E-O1
7.B5E+20 2.5EE+21 5.20E+21 80  -4.20E+00 2I5E- 5.25E-0M 330E01 E.70E-O1
7.00E+20 2 5EE+21 5ME+2 100 -4.7DE+D0 226E-M 5.2BE-M 320501 ET1E-01
7.59E+20 2.55E421 5.Z1E+21 120 -5.20E+00 226E-04 5.3E-M 325501 6.71E-D1
7.B9E+20 2.55E421 5.22E+21 180  -5.30E+D0 239E-M 5.38E-0M 3.2EEOM E.72E-01
7.04E+20 254E4+21 529E+2 160  -5.4DE+D0 231EM 5.30E-0M 32EE0M E.72E-01
7.53E+20 2.54E421 5.23E+21 180  -7.30E+00 2336 5.44E-IH 3ITEOM 6.73E-01
7.59E+20 2.53E421 5.23E+21 200 -7.00E+D0 235604 5.4BE-0M 326501 6.74E-D1
7.03E+20 2.53E421 5.23E+21 220 -8.50E+D0 23TEM 5.5IE-0M 3.26E01 E.T4E-O1
7.08E+20 2.53E421 524E+21 230 -9.10E+D0 2 ADE-M 5.5EE-IM 3.25E01 E.7SE-01
7.51E+20 2536421 5.24E+21 250 -3.40E+D0 2AIE-M 5.58E-0M 325501 6.7SE-T
7.51E+20 2.51E421 5.25E+21 ZFE -1.0BE+D1 2 ASE-D4 5.67E- F24E01 6.7EE-D1
7.B5E+20 2.5IE421 525E+24 208 -1.01E+D1 MIA 5RIE-IM 324EDM E.TEE-OH
Page 1
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ITO Back

wvolums jangstrom)
voluma jem ™)
canmier hoats Im call

sltsa per unit wol. jem™)

& (Coulomi)
bodtzman conset. (BVIK)
kig

1.03E+03
1.03E-21

T.TEE+H

1.6DE-19

8.6ZEQS
8.6ZEQS

“caimier concentration measured In ome-3

ITO BACK

FReglon where the on-6iie coulomb Inferaction is much greater than KT which is greater than the coulomi Interaction befiveen sies | unks apart L)

Hall p fem®)
1.27E+19
1.33E+19
1.32E+19
1.31E+19
1.78E+19
1.36E+19
1. 40E+19
1.43E+19
1.37E+19
1.42E+19
1.45E+19
1.46E+19
1.51E+19
1.45E+19
1.45E+19

Chalkin and Benl p [cm™)
SAZE+H
SA0E+Z
S.O7TE+Z
S.02E+H
4855+
4965+
4955+
4 BTE+Z
4 B3E+I
4 TOE+H
4 TSE+H
4TZE+H
4 B5E+Z1
4 BEE+Z1
4 5EE+Z

Temp. K)

Seabeck (pwK) Reslstivity (Qcm) (1c)e

-2.60E+00
-3.80E+00
-5.10E+00
-7.50E+00
-S.40E+00
-1.04E+01
-1A3E+01
-1.50E+01
-1.69E+01
-1.BTE+0
-2 0SE+01
-2 19E+01
-2.ITE+0
-2 ATE+
-2 T8E+01

Page 1

2 T4E-02
2T2E02
2TED2
2 69E-02
2 B65E-02
2 B65E-02
2 62E-02
2.58E-02
2.56E-02
2.56E-02
2.5TED2
2.58E-02
2.59E-02
2 50E-D2
2.58E-02

SA5E-1
S23E-M
S.30E-01
SA5SE-M
S.58E-01
SE4E-IM
S.TOE-IM
S.85E-1
E.OSE-I1
EHE-DM
EME-M
EA4SE-I1
E.58E-01
E.BEE-01
E.80E-01

i = fraction of holes
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Reglan where kT Is much bigger than the on-slte coulomb interaction and L

Hall p fcm*) Chalkin and Benl p [cm®) Temp. (K] Seabeck (pyiasivity (em) [2-cyc C = traction of holes
127E+18 TESE+21 22 2EIE+00  2T4ED2 1.03E+00 5 85E-01
1.33E+18 7.59E+21 33 BO0EH00  ZTIEOR 1.05E+00 8. 77E-0
1.32E+18 7S4E+H a4 SAME+00  ZTIEDZ 1.06E+00 5. 70E-01
1.31E+18 TA3E+ 66 JSIE+00  26IE02 1.09E+00 9 S7E-0
1.30E+18 T.ME+2 7 DA0EH00  256ED2 1.12E+00 8 45501
1.36E+10 7.HE+2 BB AMMEH1  266EOZ 1.13E+00 5_4DE-01
1.40E+10 7.26E+21 10 AAIEH 2EIEDD 1.14E+00 935501
1.43E+18 T.9E+21 13z ASIE+01 256602 1.19E+00 913501
1.37E+18 T.OIE+21 154 585401 256602 1.22E+00 8 02E-01
1.42E+18 6.03E+21 176 ASTE+01  256EO2 1.24E+00 B.52E-01
1.45E+10 6.85E+21 128 S0SEH1 25TEDD 1.27E+00 8 82E-01
1.45E+18 6.73E+21 220 21SE+01 256602 1.20E+00 B.T4E-0
1.51E+19 6.7T0E+21 242 SIATEH 25EO2 1.32E+00 B.63E-01
1.45E+10 6.66E+21 2635 SATEHH 260ED2 1.33E+00 £ 58E-01
1.45E+18 6.52E+21 286 STEEH1 256E02 1.38E+00 £.4DE-01

Reqgion where the orn-site coulomb Interaction s greater than the nearest nelghbaor imemction which ks much greater than KT which |s much greater than the high temp limit and LU,

Hall p fem™} Chalkin and Banl p [em™) Temp. (K] Sesbeck (uViKkatvity [em) 21-2c5e{1-¢) C = fraction of holes
Pa P2 oy (-
1.27E+19 25TE+21 5.19E+21 22 -2EOEHID  ZTAEOZ 5.15E-H AFEM ELEIE-I
1.33E+19 2 55E424 5. HE+2 33 -3O0E+I0  27IEOD 5.23E-M 3.30E-0 E.TOE-0H
1.32E+19 2 S5E421 5HE+21 4 SA0EHI0  ZTIEO2 5.30E-M1 3.29E- ET1E-0
1.31E+19 2.54E421 5.23E+21 66 -TSOEHI0  ZG0EQ2 54501 AZTEM E.T3E-I
1.39E+19 253E421 5.24E+21 7 -D4DEHID  Z26EE-OZ 5.5BE-H 3.25E-M E.TSE-I
1.36E+19 253421 5.25E+21 88 -1 04EHH 2 6EE-02 S.B4E-IM AME E.7RE-0
1.40E+19 251E421 5.25E+21 110 -1AZEHN 2EIE02 5.70E-M 3ZIEM E.TTE-I
1.43E+19 2.49E421 5.28E+21 13z -1.50EHH 2 5BE07 5.85E-1 3.I0E- ELBOE-0
1.37E+19 ZATE+H 5.2E+2 154 -1 BEEHH 2 5EE-02 6.08E-01 3ABE-H ELB2E-O
1.42E+19 245E421 5.31E+21 176 -1 8TEHH 2 SEE02 6.2E-M AATEA ELB3E-01
1.45E+19 245421 5.32E+21 198 -2 05EHN 257E02 G.MEM A1SEM ELESE-I
1.45E+19 Z44E421 5.33E+21 0 -2 ASEHH 2 5BE07 6.45E- 3 A4EH ELBSE-I
1.51E+19 24IE421 5.34E+21 242 -2 ITEHN 2 S0E-02 6.58E-01 3AZE E.BBE-0
1.45E+19 242E421 5.35E+21 635 -2 ATEHN 2 60E02 G.66E-01 ATEM ELESE-I1
1.45E+19 2.3E+21 5.37E+21 286 -2 TEEHN 258502 6.90E-01 AOSE- EL.BZE-I
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BiCuOSe:Ca

BiCuO5e
volumsa jangatrom) 1.3TE+HI2
volume jem™) 1.3TE22 "EaTler concentration measured In cm*-3
camier hoats Im call 2
alfs per unit vol. jem™) 1.46E+22
& [Coulomb) 1.60E-12
bodtzman conat. (BVIK) ELBZE-0S
ke BEXE-0S

Fegion whers the on-site coulomb Interaction s much greater han KT which Is greater than the coulomb Inferaction between sites | uniEs apart Ly
Sample # % Doped Hall p (e Chalkin and Banl p {em) Temp. [K] Sesbeck (UW/K] Resistivity (Dem) (1) € = fraction of holes

110222 2.38% SASE:20 1.12E:22 300 4 38E+01 4 06E02 3 00E-01 T.B9E-M
110223 1.79% SE61E+20 1.08E322 300 I HEHN SASE03 JA1EN TASE-IN
11022303 2.37% ST7E+20 1.13E:22 300 4 58E+01 4 4DE-02 29451 T.T3EN
110224 2.37% E43E+20 1.08E+22 300 JATEHI IETED2 334E-H T.50E-1

FReglon where KT |s much bigger than the on-sfe coulomi Inferaciion and U,
Sample # % Doped Hall p (e Chalkin and Banl p {em) Temp. [K] Sesbeck (UW/K] Resistivity (Dcm) [1-jie € = fraction of holes

110222 2.38% SASE:20 1.1DEs22 300 4.38E+01 4 06E02 1.66E+00 THEN
110223 1.79% SE1E:20 1.18E:22 300 3 HEHN S A0E03 1ATEHID 8.10E-1
11022303 2.37% STTE#20 1.08Ex22 30a 4.59E+H01 4. ADE03 1.TOE+HID TADE-0
110224 2.77% E43E+20 1.17Es22 300 IATEH IETEDR 1.50E+00 BME-

FReglon whene the an-6ite couom Interaction 5 greater than the nearest nelghibor Interacion which |5 much greater than KT which ks much greater than the high temp imit and U,
Sample # % Doped Hall p {cm?) Chalkin and Benl p [cm ) Temp. (K] Seabeck (K] Reskstivity [Dcm) [1<)ic C = fraction of holes

P Pa & &

110222 2.38% 54BE+20 427TE+ 1.03E+22 300 4.35E+01 4 06E-03 8326401 282541

110223 1.79% SE1E+20 4A4ZE+ 1.02E+22 300 3HEHN 5 45E-03 T34ED 303E-01

11022303 2.37% STTE+20 424521 1ME+22 300 4.50E+01 4 ADE-03F B.52E-01 2HEI

110224 2.97% 6.43E420 4ADE+ 1025422 30 34TEH 3ETEDR TASEI 30251
Page 1

T.OBE-0M
B.9TE-N
TO9E-0M
E.98E-01
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Appendix B: Lattice Parameters of BiCuOSe

The following outlines the lattice parameters and sites of BiCuOSe (courtesy of Prof. Janet Tate,

Department of Physics, Oregon State University).

COL
DATE
NAME
FORM

TITL

REF

AUT

CELL

SGR
CLAS
PRS
ANX
PARM

WYCK
ITF
ITF
ITF
ITF
REM
REM
REM
RVAL

ICSD Collection Code 75128

Recorded Oct 17, 1995

Bismuth copper (I) oxide selenide

Bi Cu O Se

= Bi Cu O Se

New layered compounds with the general composition (MO) (CuSe),
where M=Bi,Nd,Gd,Dy and BiOCuS: syntheses and crystal structure
Journal of Solid State Chemistry

JSSCB 112 (1994) 189-191

Kusainova A M, BerdonosovyP¥yS, AkselrudyLyG, KholodkovskayaVyLyN,
Dolgikh{yV{A, PopovkinyBYyA

a=3.921(0) b=3.921(0) c=8.913(1) a=90.0 4=90.0 ¢=90.0

v=137.1 z=2

P4/nmm Z (129) - tetragonal

4/mmm (Hermann-Mauguin) - D4h (Schoenflies)

tP8

ABXY

Atom No OxStat Wyck ----- Xemmmm — oo Y--—m—= -————- Z————= -SOF-
Bi 1 3.000 2c 1/4 1/4 0.1411(7)
Se 1 -2.000 2c 1/4 1/4 0.680(2)
Cu 1 1.000 2b  3/4 1/4 1/2

0 1 -2.000 2a 3/4 1/4 0.

c2 b a

Bi 1 B=1.080(3)

Se 1 B=1.360(9)

Cu 1 B=2.600(2)

0 1 B=0.307 (4)

TEM 298

XDP (X-ray diffraction from a powder)

RVP

0.053
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Appendix C: Hall Parameters and BiCuOSe:Ca Sample Composition

Hall Data and Composition courtesy of Jason Francis, Department of Physics (graduate student), Oregon

State University.

Hall Measurements

sample Fluence [1fcm’) Mobiliy [om’f{vs}] Resistivity {Ccm) Carrier Comcentration jom ™)
110FFF 153 2.B084 4.06E03 JASE+HD
110FF3 1 20243 J.A9E-03 J.E1E+TD
11022303 173 4332 4.40E03 JTTERRD
11072 12 2.65949 3.67EE EAZE4ID
EFBA
Sm'q)h Ca 1] Cu o S Total Bi=D Ratio CuSe
11022 o.023= oassz 0373 [ L L] (e P 0.89955 1 JAEHDD 143
11022 oo 04726 0.I7a4 03345 xoas i 3.16E-M 137
110223-03 o.o237 01366 0.3698 0.0533 axTa 1 2 ATEHID 135
11022 o.o227 2483 4015 0031 IE34 10004 J.34EHI0 143
6.00E-03
'E‘ 28 - *
5 00E-03 26
£ * T 24 *
4.00E-03 *
F- & 22
% 3.00E-03 z
-
3 1 12 14 16 18 %" 1 12 14 16 18
Fluence [Ifcm~2) E Fluence [1/cm~2]
6.60E+20
-E 6.40E+20 * ooza * ™
*
msmw £ oz
g 6.00E+20 E
s Es.mzﬂ » g 0.02
8  se0Es20 . 0.018
E 5.40E+20
0.016
12 14 156 18
Fluence wm} 1 1z 14 16 18
Fluence [}fcma2)
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