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Chapter 1. Introduction

1.1. Purpose

of the

work

Recent interest in p-type transparent conductors (TCs) has stimulated research on

bulk and thin film properties of materials with hole carriers. Most of the interest is in

wide band-gap (above 3.1 eV), high mobility and/or conductivity thin films. The
development of transparent p-type semiconductors, along with the already developed n-

type materials, should lead to the development of electronic devices such as transparent

diodes1'2, transparent transistors3, and optoelectronic devices such as light-emitting
diodes4

(LED) and solar cells.

This work is concerned with further broadening of our knowledge on two TC
candidates, namely: CuScO2 and BaCu2S2IBaCu2Se2.

1.2. Background on transparent conductors

Oxides with the delafossite structure have attracted interest as p-type transparent

conductors for transparent electrics and electronics applications. The electrical and
optical properties of CuA1O2, CuCrO2, CuGaO2 and CuYO2 delafossites were first
studied by A.F. Benko and F.P. Koffyburg in the 1980s. Except for CuAIO2, the ceramics

were insulating, but Ca doping improved the conductivity of the materials to a
measurable level. Primarily they were interested in the optical properties of these
materials. For most of them two band gaps were found: a direct and an indirect one. The
presence of an indirect gap has never been seen in thin films transmission measurements.

Another interesting aspect of their finding was the positive sign of the Seebeck
coefficient, which means that the majority carriers in the compound are holes. The results
of these original works and of thin films of same materials are summarized in Table 1.1.

2

Table 1.1. Numerical values of transport and optical properties of previously studied
delafossite materials in the bulk and thin film forms.
Conductivity, S/cm

Material
Bulk:
CuA1O25

1.6x103

CuCrO2:Ca6

l.0x102

CuGaO2:Ca7
CuYO2:Ca8

5.5x103

2.210

Thin Films:

3x10'

CuA1O29

'°
CuInO2:Ca

CuCrO2:Mg"

CuYO2:Ca
CuScO2--:Mg

2.8x10
220

Band Gap, eV

670
1210
790
720

3.3
3.3

214
480

3.5
3.9
3.1
3.5
3.3

1

150
275

10-20

-

12

13

Seebeck coeff,

2.7
3.6

Transparent thin film conductors with electron type carriers are well studied.
Amongst others, 1n203:Sn (ITO) with a conductivity of 4000 S/cm, optical transparency

of 85% and a band gap of 4 eV

14,

with excellent reproducibility in thin film form, is a

leader in transparent conducting oxides (TCO). Due to ITO's high transmittance in the
visible range and high reflectance in the infrared (IR) range, it is very commonly used as

a window coating and solar cell electrodes. A very detailed discussion on ITO can be
found in Ref 15.

ZnO is a wide direct band gap (3.3 eV) n-type semiconductor due to native
defects in the filmlpowder with electrical conductivity of up to 2.102 S/cm

16

Further

enhancement of transport properties can be achieved via Al, Ga, In, Ge doping. In
particular, aluminum doping this material gives rise to even higher conductivities of 1' On the
310 S/cm with optical transmittance of >80% competing with that of ITO

other hand it has been proven to be very difficult to dope ZnO p-type because of "hole
killer" compensating states forming along with doping of the material. Many theoretical

predictions have been made for achieving p-type transport
reproducible on experiment

22,23

18,19,20,21

but were not

Preparation of p-type ZnO is very desirable due to the

3

materials UV light emitting properties

24,25,26

Successful band gap modulation was

obtained by Mg and Cd doping of ZnO, resulting in an increase of the optical forbidden
region up to 4 eV and decrease to 3.18 eV

27

Group Ill-V nitride based semiconductors have lots of attention and a very precise
manufacturing technique has been established for LED's and solid-state laser

28

GaN and

A1N have appropriate band gaps of 3.4 eV and 6.2 eV, respectively, to be transparent,

with low conductivities. These materials were successfully doped n- and p-type with
difficult and expensive processing methods, but giving rise to excellent UV LED's. InN
with a 1.9 eV low band-gap is a good conductor, and alloys of (Al:In:Ga)N are made to

tune the band gap to a particular value for emission at the desired wavelength. These
nitride alloys allow for color LED's from UV all the way to yellow. Phosphate based
semiconductors (GaP, AlInGaP) and A1GaAs find good application in yellow-green and

red LED's, respectively

29

White light emitting devices are made by pumping a Ce-

doped YAG fluorescent layer with blue GaN LED

Experiments with GaAs:N

31

are

also being carried out for solar cell applications.

1.3. Organization of the thesis

The general overview on TC's is followed by an introduction to experimental

techniques used for data collection presented in the thesis. First the reader will be
acquainted with the inline, van der Pauw and rectangular sample four probe conductivity

measurements in Chapter 2. It is followed by explanations of Seebeck effect and diffuse
reflectance.

In Chapter 3 the results of a systematic study of magnesium doped and oxygen
intercalated CuScO2 materials is presented and discussed. The role of the magnesium

doping is very important in unintercalated CuScO2:Mg thin films and pressed powder

samples. While in oxygen intercalated thin films the effect of Mg is significantly
decreased, in powders there is still a clear dependence on the doping level.

4

Chapter 4 highlights new results on the effect of potassium doping in BaCu2S2
and BaCu2Se2 compounds. These materials are the most conductive p-type compounds
we obtained in our labs.

General conclusions, discussion and suggestions for future work are given in
Chapter 5.
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Chapter 2. Characterization

This chapter describes the equipment and methods of material characterization

used throughout this work. This includes the electrical transport measurements,
conductivity and thermoelectric power (Seebeck coefficient), and absorption and band
gap measurements by diffuse reflectance in the uv-visible regime.

2.1. Conductivity measurement

Four-probe direct current (dc) electrical conductivity measurements for sample
characterization were carried out using the setup on Fig.2. 1. The 4-probe technique is
widely used for eliminating contact resistance of the probes. The studied sample is placed

on a sample holder (different varieties discussed below) and four probes are attached to

surface by means of evaporated or hand-painted metal contacts. A dc current of preset
magnitude is supplied to contacts A and D by a Keithley 2400 source, while the voltage

drop across B and C probes is measured by a Keithley 195A digital multimeter. The
current is supplied in the positive and then negative directions to eliminate any offset
voltages that might be present.

For temperature dependent measurements the sample holder is placed on a cold
head and inserted into a Pope Scientific cryostat. The bottom of the cryostat is filled with

liquid nitrogen at 77K. As the nitrogen evaporates the temperature in the cryostat
increases with a 0.5-1 K/mm rate to room temperature. A Lakeshore PT-102 platinum

resistor is used to monitor the sample temperature; its resistance is measured by a
Tektronix DM 5120 programmable digital multimeter. A drawback of the system is that it
is open to atmospheric air and the melting ice may cause problems while crossing the 273

K melting point. Such problem was observed during the BaCuSF pressed powder and

thin film measurements, in that the conductivity of the samples increased after a

temperature dependent measurement. As it turned out, water reacts with BaCuSF
resulting in a black mixture compared to the mostly transparent parent material.

For faster and easier data collection during temperature dependent conductivity
measurements, a Macintosh G3 computer connected to the supply and measuring devices

via GPIB card automates the setup. A program "KK-RITc Measurement" written in
Labview v.3 controls the device operation. The program allows one to set the value of the

supplied current (between lO2-lO8A) and read the corresponding voltage, as well as

calculate the resistance and the temperature of the measurement. The resistance R
calculation is an average of the voltage measurement due to the consecutive positive and
negative direction of applied current:

R=I4
where

V1

is the voltage due to positive current,

V2

(2.1)

is the voltage due to negative current, I

is the applied current. The resistance data R 'from the platinum resistor, taken before and

after each sample resistance measurement loop, is converted to the corresponding
temperatures applying the following equation:

T=mj+R' (m2±R'. (m3±R'.m4))

(2.2)

where mj, m2, m3, m4 are calibration constants. Then the two temperatures are averaged

and assigned to the sample resistance.
Since the pressed powder samples come in different shapes (round, rectangular),
various sample holders have to be made to accommodate them. In case of rectangular
samples, four contacts were hand drawn with silver paint: two on sides and two on top,

7

Cold head with sample holder on tip
Keithley 195A
Keithley 2400
Tektronix DM
5120

Macintosh 03
Sample Holders

LN2 cryo stat

A

B

b

C

D
I

I

D

Fig.2. 1. Conductivity measurement experimental setup of rectangular (a) and
round (b) pellets.
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parallel to each other (Fig.2. 1, a). Copper wires (40 gauge) were glued to the pellets by
silver paint, soldered to a circuit board and wired to the sourcing and measuring devices.
For temperature dependent measurements a platinum resistor was placed under the silly-

putty used for holding the sample in place. The current was sourced through the sides,

while the voltage drop was measured on the top contacts. The resistivity p and
conductivity a of the sample are calculated from the measured resistance (Eq. 2.1) via:
p=R.t/b

cr=1/p=b/(R .a.t)

where

a is

(2.3)
(2.4)

the short side length of the rectangle, b is the distance between the top

contacts, and

t is

the thickness of the sample.

For round samples I designed a special copper sample holder (Fig.2. 1, b), which
can accommodate samples with diameter up to 12.7 mm (0.5") and up to 2 mm thick. The

measuring probes, 1 mm in diameter and spaced 2 mm apart (center to center), are press
fitted in insulating plastic and glued with insulating varnish. A platinum resistor is placed
into the copper block under the sample covered with heat conducting paste to monitor the

temperature of the sample. Silver contacts were evaporated onto the round pressed
powder samples through a mask, also designed by me, in a diffusion-pumped bell jar
vacuum system. The current is supplied to outside contacts and the voltage is measured

across the two in the middle. The resistance is evaluated by Eq. 2.1, as before. The
resistivity/conductivity calculation is not as simple though. For collinear measurements
the resistivity is evaluated as 32:

p=2,r.s.R.F

(2.5)

where t is the thickness of the sample, s is the probe spacing and F is a correction factor.

F is a product of correction factors that depend on sample geometry (thickness, shape,

diameter, probe spacing) and type of connection with the sample holder (conducting,
insulating). In this work, only insulating substrates are used, and in this case a correction
factor F1, to account for the sample thickness t, is appropriate:
t/s

F1=

/

(2.6)

/sinh(t/(2s))
2.ln(sinh(t/s)
In the case of thin films (t/s < 0.1) equation (2.5) reduces to:
p=ir.R 't/ln(2) =4.532 tR F2

(2.7)

where F2 depends on the size of the probes relative to the sample diameter, and on their

placement. F2 = 1 provided the diameter of the sample is at least 4 times that of the
probe spacing. Because the diameter of the samples (D = 12.5 mm) is close to that of the
total length of the probes (8 mm), edge effects should be incorporated F2:

I;:;

=

ln(2)

ln(2) + ln{( 1))2 + 3}-ln{(
S

)23}

(2.8)

S

where D is the diameter of the sample, and s is the probe spacing. Typically D = 12.5
mm and s = 2 mm, such that F2 = 0.8 18. Other edge effect corrections are in order if a
rectangular sample is measured in the inline 4 probe configuration.

The results on samples measured with the above techniques were also subject to
verification on a system that uses the van der Pauw method of resistivity measurement.
This method also utilizes the advantages of four probes, but any arbitrarily shaped sample

can be used. Typically a symmetrical geometry of contacts is used, as shown in Fig.2.2.
The contacts are assumed to be negligibly small and located on the sample periphery. In
this method, the current is sourced in four possible probe pair configurations and the

10

Fig.2.2. Van der Pauw symmetric contact geometries.

voltage is measured across the remaining pair of contacts. The resistivity in each
configuration is then evaluated by equation (2.7) and the final result is an average of the

four measurements. We consider this method to be the reference one to the previously

described techniques. Unfortunately, our lab is not equipped to use this method for
temperature dependent measurements, unlike the other two methods.
Each method gives a very reproducible result for a particular sample (within 5 %).

On the other hand it is found that the inline method consistently underestimates the
resistivity of the measured samples in the range of 5-20 % (Fig.2.3), compared to the
measurement in the van der Pauw configuration.

The Ohmic nature of the contacts established with the surface of the material is

determined by current-voltage (I-V) measurements. A linear result is an indication of
good

ohmic contacts. It is generally observed, but as the intrinsic resistivity of the

material increases the harder it is to measure, and the I-V curve deviates from linear
behavior. In case of non-Ohmic contacts, effects like Shottky barriers, strongly affect the

measurement results, usually overestimating the resistivity of the samples. In this work
silver contacts were necessary to reproducibly measure the samples with resistivity above

100 Qcm. Other contact materials should be used for compounds where Ag can cause
substitutional doping, which irreversibly changes the sample's characteristics.

11

30

25

E

C)
Cl)

10

5

0
0.0

2.0

4.0

6.0

8.0

10.0

x, K at. %

Fig.2.3. The inline technique systematically underestimates the conductivity of the

samples. Shown is a set of four Sri..KCuSF samples with different doping levels.

The temperature dependent conductivity measurement gives useful information

about the carrier transport mechanism. Metals and semiconductors have different
temperature dependent transport due to the number of carriers available for conduction
and scattering processes involving impurities and phonons. For example, metals exhibit

increasing conductivity as the temperature decreases, since a high carrier density is
always present, but the electron-phonon scattering process vanishes at low temperatures.

In contrast, semiconductors show decreasing conductivity as the temperature decreases.

The decrease is often exponential, and may change character in different temperature
regimes. The commonly occurring dependences are those of the "thermally activated"

12

and "variable range hopping" (VRH) character. The thermal activation energy is
extracted from the slope of the lncr versus 1000/T graph following the law:
E

a=
where o,,

0max

e

(2.9)

kB.T

is the conductivity at in infinite temperature (all carriers activated),

Ea

is the

thermal activation energy necessary to move a carrier from a localized state
(impurity/trap level) to a delocalized one (to the valence band in case of p-type
conductors), and kB is the Boltzman constant. The VRH behavior is governed by the law:

a=

OmaX

(2.10)

eO0

and can be characterized by the temperature parameter T0, the slope of the mo- versus
1/T'4

In the VRH scenario the carriers are localized near the Fermi level and the

conduction takes place through a combination of carrier hopping between nearest
neighbors and tunneling to more distant neighbors whose energies are very similar. The
T0

parameter gives information about the density of states near the Fermi level, but also

includes a hopping distance, which the carriers have to overcome for conduction, and can

be also related to a range of energies contributing to hopping. Generally, the lower value

of the parameter indicates higher density of states and a higher overlap between them.
This leads to improved transport properties, compared to those with higher

T0

values.

2.2. Seebeck coefficient measurement

Measurement of the Seebeck coefficient establishes the carrier type in a material.

A positive sign indicates that the conduction mechanism in the material is due to holes
(p-type) and a negative sign means due to electrons (n-type). Generally, the magnitude of

13

the coefficient also indicates whether the material is a good
(>lOOj.tV/K)

('-1OjxV/K)

or poor

conductor. Together with the electrical a and heat K conductivity of the

material one can calculate the thermoelectric index of efficiency ZT (or the thermoelectric
figure of merit Z) by:
(2.11)

ZT = o-S2T/K

where S is the Seebeck coefficient and T is the temperature of the measurement. The
figure of merit is an important characteristic for thermoelectric cooling (refrigeration) and

power generation applications. In thermoelectric coolers, only 30% of the Camot
efficiency could be achieved in materials with ZT = 4. This turns out to be a very
challenging task and the highest figure of merit of 3 yet reported can be achieved only in
high cost thin films

The principle of the Seebeck effect is the following. Suppose we have an electron
type conducting wire, and a voltmeter is connected to its ends reads 0 V, because the two

ends are in equilibrium with each other and the environment; no current sources are

present. If we now heat one end of the wire (Fig.2.4), a temperature gradient VT is
established across the wire, and the voltmeter no longer reads 0 V. This phenomenon

THOT

TCOLD

1

Fig.2.4. Sketch of the Seebeck effect in an n-type material.
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occurs because while heating one side, the majority carriers in the material gain thermal

energy and start to diffuse towards the cold end to bring the system to thermal
equilibrium again. Thus, on the hot side, there is carrier depletion and on the cold side
there is a carrier build up, creating an electric field, which opposes the drift of

electrons towards the cold end. Putting the positive x direction from left to right, one can
evaluate the electric field as:

E=SVT

(2.12)

where the Seebeck coefficient (thermoelectric power) S is the proportionality constant.
To find the coefficient we need to have measurables in the equation, which are obtained
by integrating eq. 2.12 over the length of the wire:
V0

2

V

Tcow

JdV = JdV = SJ.T-dx = S JdT,

JEdX =

(2.13)

v110

i

where V is the voltage measured across the wire, resulting in:

VHOT

Let AT = THOT

TCOLD

VCQLD

=

and AV =

S(TCOLD

VHOT

THOT) = -S(THOT

TCOLD).

(2.14)

VCQLD, then Seebeck coefficient is found as:

/AT

(2.15)

Here AT is positive by definition, therefore the sign of the Seebeck coefficient is
determined by the sign of the voltage measured across the sample (Fig.2.4).

Now, we must take into account the effect of the leads connecting the sample to

the voltmeter, which are of a different material. In fact, Fig.2.4 already depicts this
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situation. In this case the sample and the Cu leads act as a differential thermocouple with

unknown Seebeck coefficient of the sample. From the theory of a single junction
thermocouple of metals A and B, or double junction differential thermocouples of A-B-A

configuration, the voltage measured across the junction(s), connected as on Fig.2.4, is
given by

AV=(SASB)AT.

(2.16a)

Applying this to the Cu-sample-Cu configuration:

AV =(S SpLE)AT

(2.16b)

Scu SSAMPLE ZIX V/AT

(2.16c)

or

where AVis the voltage across the sample for AT=THOT TCOLD temperature difference
between the Cu leads. Neglecting the Seebeck coefficient of copper (Scu << SSAMPLE) we
obtain:
SSAMPLE= AV/AT.

(2.16d)

Therefore, in case the voltmeter on Fig.2.4 returns a negative voltage, the
examined material is p-type and vice versa in the case of electrons.

In order to eliminate confusion and provide intuitive result understanding, the

polarity of the voltmeter in the experimental setup is switched, such that a measured

positive voltage corresponds to hole conducting materials and a negative voltage
corresponds to electron conductors.
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There are two experimental setups for such measurements available in Dr. Tate's

laboratory. One of them accommodates thin films and pressed powder samples of
suitable shapes (discussed below) with low temperature measurement capability down to
10 K, built by Till Ulbrich, while the other one can fit pressed powders of common dyes
and in principle operates down to liquid nitrogen temperatures, built by Hiroshi Yanagi. I
mostly used the system built by Till Ulbrich and will start with its discussion.

The operating principle of the Seebeck coefficient measurement system is simple.

The studied sample is pressed between two copper blocks (Fig.2.5). A temperature
gradient of 3-4 K is established across the sample by a resistor in one of the blocks, and

the corresponding voltage is measured across the sample. The copper block containing

the resistor is called the "hot" block, while the other one is the "reference" or "cold"

block. The temperature gradient is calculated from the measured voltage across an
alumel-chromel-alumel differential thermocouple using the Seebeck coefficient of the
thermocouple found from a table published by NIST

36

The temperature at which the

measurement was carried out is monitored by a type K thermocouple installed in the cold
block.

For the measurement the resistor (28 Q) is supplied (typically 5 V) to heat the hot

block. When the desired gradient is reached, the resistor is turned off, and the system is
allowed to cool down to equilibrium with the surrounding environment. During this time
a number of measurement points are taken containing the actual temperature difference of

the blocks and a voltage across the sample. Good thermal and electrical contact is
necessary between the sample and the blocks for reliable measurements. For rather
insulating materials, indium or silver contacts were used.

A typical measurement result is shown in Fig.2.6, where the Seebeck coefficients

of chromel and alumel are illustrated and used as a test for the system. The values agree

well with the Seebeck coefficient of chromel-alumel thermocouple of S'=40.52 p.V/K
reported by NIST at 290 K, where S'=Schrome1-Sa1u,,I.

36
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V

Hot Blo

Thermocouple

Resistor

Differential
thermocouple

Fig.2.5. Seebeck coefficient measurement: experimental setup.

In principle the measured value of the Seebeck coefficient of a material should be
corrected by the Seebeck coefficient of the Cu leads. Since this coefficient itself is very
low (< 2 j.tV/K)

and the measurement error is consistently about 5 % or less of the

measured value (ranging from 40 jiV/K to 500 pV/K), the correction would lie well

within the experimental error of the device. This was verified by consecutive
measurements on the same material. The measured Seebeck coefficient is dependent on

the cleanness of the surfaces of the copper contact blocks. Over time a layer of CuO is
formed influencing the electrical and thermal contact to the sample, compromising the
measurement results, thus great care is taken to ensure clean contacts.
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Fig.2.6. The Seebeck coefficient of chrome! (red circles) and alumel (blue squares) with a
linear fit superimposed. The slopes of the line give the Seebeck coefficient of the
materials.

The above assembly is placed on a cold head in a vacuum chamber for
temperature dependent measurements. A thin thermally and electrically insulating plastic

is placed between the blocks and the cold head to eliminate fast temperature changes,

electrical contact and heat exchange between the blocks. The cold head is in thermal
contact with a Leybold closed cycle refrigerator system, using helium as the cooling gas.

A low (105_l06 Ton) pressure is necessary in the chamber for maximum cooling
(minimum heat conduction to the walls of the chamber), established by a Varian portable

mini turbopump station. The temperature on the cold head can be adjusted using the
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Lakeshore DRC-9 1 CA controller, which refers to the temperature of the cold block, and
controls a resistor on the cold head. At temperatures below 50 K the type K thermocouple

loses its sensitivity, i.e. gives errors higher than 2% (useful range 70K-bOOK). To
eliminate this problem, a Si-diode with useful range from 4.2 K to 425 K temperature is
attached to the cold head with good thermal contact.

The second device built by Hiroshi Yanagi uses the same principles as above. In

this case the pressed powder samples are sandwiched between the copper blocks and
placed into a stainless steel crucible. A variety of copper blocks have been made, such
that the system can accommodate most pressed powder sample shapes. For temperature

dependent measurements liquid nitrogen is poured into the crucible. As the nitrogen
evaporates the temperature inside the crucible increases. The drawback of the system is
that it cannot be stabilized at a particular temperature for a longer period of time.

This measurement was automated by Dara Easley. She wrote a program called
"Seebeck Program" using Labview v.3 on the Macintosh G3. The program allows the
user to monitor the voltage from the differential thermocouple through the Keithley 1 95A
digital multimeter,

the voltage across the sample by the Tektronix DM 5120

programmable digital multimeter, and supply a voltage up to 5V across the resistor in the
"hot" block using the Keithley 2400 source. When the closed cycle refrigerator is running

the program also allows setting of the measurement temperature via the Lakeshore
controller, ranging from 10 K to 340 K. A more detailed description of the program can
be found in Dara Easley's undergraduate honors thesis
The Seebeck effect is less dependent on the grain structure of the studied material,

such that it can also give useful information about the transport character. Temperature

dependent Seebeck coefficient measurements in particular may give indication about

whether a compound is metallic or semiconductor. A metal's or semiconductor's
temperature dependence can be fitted by:

S=S+S+

(2.17)
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where Sd is a component due to carrier thermal diffusion, S is due to phonon drag, and S

is a term indicating the conduction mechanism. Because the first two are present for
almost all materials, S gives more specific information. The thermal diffusion is linearly

proportional to T

while the phonon drag component is inversely proportional to

temperature -4/T 38, therefore the temperature dependence can be fitted by picking two
parameters. The third term, specific to a material, for example, can be a contribution from

variable range hopping mechanism

and is proportional to the square root of the

temperature. The total Seebeck coefficient is then found from:

S=A.T+%+C...ff.

(2.18)

The A, B and C coefficients are related to the density of states near the Fermi surface. In

case of materials exhibiting magnetic ordering a magnon drag contribution should be
accounted for.

Often, the thermopower of semiconductors, where the mean free path of the
carriers can be defined

is fitted by:

e1

EF
kbT

+5 / 2+ const.J

D / T + const.

(2.19)

where kb is Boltzmann's constant, e the carrier charge, Ec the bottom of the conduction

band, and EF the Fermi level, because of the high influence of the phonon drag
mechanism.

2.3. Diffuse reflectance measurement

The optical properties of powder samples were measured by diffuse reflectance

method. The light incident on a powder sample is in part transmitted through the
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crystallites and after multiple reflections escapes the sample, and in part scattered from

the grains. Such a measurement gives only qualitative results about the absorption
spectrum, because of the indefinite sample thickness and high scattering in the visible and

UV regions

40

Furthermore, the measurement results are influenced by several factors,

such as specular (regular) reflection, moisture and particle size. The specular reflection is
common for absorbing materials and can be minimized by dilution of the sample by nonor low-absorbing powders (for example MgO) 41

A xenon lamp is used as light source in the range of 250-900 nm (Fig.2.7). The
incident light is separated into a spectrum of wavelengths through a double

monochromator, where a 0.25 p.m grating is used. The resolution is estimated to be
around 1 nm. Light of a given wavelength is then guided into an integrating sphere coated

with highly reflective BaSO4. The at least 1 mm thick powder sample, contained in a

silica crucible of about 10 mm in diameter, is placed in the bottom of the integrating
sphere, in the path of the incoming beam. The reflected light is gathered by a silicon
detector on the equator of the sphere, with an off axis port plug between the sample and

the detector, so that only diffusively reflected light is incident on the detector. The
intensity of diffusely reflected light as a function of wavelength is recorded. The data
collection is automated using HPVee programming and interfacing language written by
Derek Tucker and Levi Kilcher 42

Double
monochromator
Sample

Light
Source

Integrating "__,./
Sphere

Silicon
Diode

Fig.2.7. Diffuse reflectance measurement.
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The gathered data is normalized to the lamp spectrum, obtained using MgO
reference powder, that is featureless in the range of interest. The diffuse reflectance is
calculated by the Kubelka-Munk method

k/s =

(1-R)2/(2.R)

(2.20)

where k is the absorption coefficient, s is the scattering parameter, and R is the
normalized reflectance. The absorption coefficient is usually obtained from transmission

and reflection of films or crystals, but in powders, diffuse reflection is a reasonable

equivalent, since the reflected light has been transmitted through crystallites on the
surface of the powder. The measured features of the data are more easily displayed by
plotting

Ek/s vs. E,

where

E is

the energy of the incident light, which is a common

practice for determining the direct band gap(s) of the examined material (for example see
fig.3.10 in chapter 3.1). First, an absorption onset occurs at high incident photon energies.

As the photon energy decreases a maximum in

k/s

is observed, followed by a sharp drop

to almost zero absorption. The band gap is determined from the intersect of a linear fit on

the absorption line during the decrease, with the energy axis. The result of such a fit for
3R CuScO2 (fig.3.l0) powder yields a 3.3 eV energy band gap.
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Chapter 3. Properties of bulk CuScO2:Mg

3.1. Preprint ofpaper
Structural and transport properties of CuSciMg02+ delafossites
R. Kykyneshi, B. C. Nielsen, J. Tate*
Department of Physics, Oregon State University, Corvallis, OR 97331
J. Li, A. W. Sleight
Department of Chemistry, Oregon State University, Corvallis, OR 97331

Transport and structural properties of Mg-doped and 0-intercalated sintered powders and

polycrystalline films of CuSciMgO2- are reported.

Substitution of Mg for Sc

systematically increases the p-type conductivity in CuScl_MgO2 sintered powders,
producing a maximum conductivity of 0.015 S/cm at x

0.06. A similar level of

conductivity is observed in transparent polycrystalline CuSciMgO2 films at the same
doping level. Mg doping causes no significant increase in optical absorption at this level.
Intercalation of oxygen into the delafossite structure leads to a much larger increase in p-

type conductivity. In powders, the maximum conductivity is 0.5 S/cm at y = 0.23 and x =
0.05. In oxygen-intercalated films, the maximum conductivity was 25 S/cm, with the

transparent films gradually darkening as oxygen is incorporated. Oxygen intercalation

increases the a-axis laftice parameter of the delafossite structure in both films and
powders, with a much smaller effect on the c-axis parameter. Two distinct phases withy

0 andy

0.5 are observed in x-ray diffraction of powders. In films intermediate values

of y are observed, often in combination with a distinct y

0 phase. The absorption

properties of the powder samples indicate introduction of defects into the 2H polymorph

of CuScO2 and CuSciMg02 compared to the 3R polymorph.
Key words: transparent conductors, delafossite, p-type conductivity
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I. INTRODUCTION

Oxides with the delafossite structure (CuFeO2) have attracted interest as p-type
transparent conductors. They are also of interest because they exhibit negative thermal
expansion [45], they are examples of frustrated magnetic systems [46], and they are also

potential thermoelectric materials [47]. Thin films are of particular interest, since it is in
this form that applications are most likely to be realized, and there are reports of CuScO2

[13,48], CuA1O2 [9], CuInO2 [10], CuGaO2 [49]. However, investigation of electronic

bulk properties is also important because it is easier to control some parameters, like
oxygen content [7,8,50].

Delafossites with A = Cu in the AMO2 structure are by far the most studied. These,

and similar materials with A = Ag are generally semiconductors [51], and are usually
transparent when stoichiometric.

The p-type conductivity of the semiconducting

delafossites derives from the introduction of holes into a predominantly Cu-3d valence
band. Hole doping can be achieved either by the substitution of a divalent species (e.g.
Mg2, Ca2) onto the octahedral trivalent M-cation site, or by the introduction of excess

oxygen, in which case oxygen impurity bands may form [52]. We usually refer to the
former process as "doping" or "Mg doping", and to the latter process as "intercalation" or
"oxidation". Excess oxygen is located in, or very close to, the planes defined by the

triangular arrangement of Cu atoms and in the centers of triangles (see Fig. 3.1). Further
details regarding oxygen substitution can be found in an earlier publication [53].

There has been no systematic study of the relative effectiveness of the different types

of hole dopants (oxygen vs. divalent cation), but it is an interesting question. CuMO2
with M smaller than Sc does not admit excess 0, so controllable hole doping for such

delafossites can be achieved only by manipulation of the trivalent cation site (and in
CuA1O2 and CuGaO2 even this has proven difficult). On the other hand, if M is larger

than Sc, oxygen intercalation is allowed and increasingly likely for materials with the

largest M cations. The efficacy of each type of dopant is therefore of interest. Hole
conduction in CuMO2 appears to be predominantly in the Cu planes (the conductivity is

anisotropic [51], and the Cu-3d orbitals are the primary contributors to the top of the
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valence band). Excess oxygen is located in or near the Cu planes [53], and increases the

Cu-Cu distance, thus decreasing the overlap of Cu orbitals and tending to decrease
conductivity, but the Cu-O bonds formed may increase the conductivity by providing a
direct path. In principle, each excess 0 provides two holes, but it is not known if they are

equally mobile, and it is even possible that one is completely localized. When Mg
substitutes on the M cation site, much further from the planes, it is the source of a single

hole. Since the M cation orbitals do not contribute to the band structure near the Fermi
level, the Cu-0-M-0-Cu linkages are not major contributors to the hole conduction, and
any holes produced by Mg substitution at M presumably migrate immediately to the Cu
planes.

There are no reports of the effect of cation doping or 0 intercalation on the transport

properties of bulk CuSci..Mg02. In previous experiments on CuSciMgO2 films had
fixed Mg stoichiometry, and only changes induced by excess 0 were reported [54]. In
the present study, both Mg and 0 were systematically changed in CuScO2 powders and in

films. This proved easier in the bulk form of the material, since processing issues caused

Mg depletion in films, as described below.

It is recognized that conductivity

measurements on sintered powders necessarily reflect a lower bound on conductivity and

that processing effects on grain boundaries are very important. We were careful to keep
processing conditions as consistent as possible.
II. EXPERIMENTAL DETAILS

Pressed pellets of CuSciMgO2 with 0.01 < x < 0.15 were prepared from
stoichiometric mixtures of CuO (Cerac, 99%),

MgO (Aldrich, 99%).

Sc203

(Stanford Materials, 99.95%), and

The 12-mm-dia pellets were pressed at 4.5 tonnes producing

material with 75% - 85 % of theoretical density. They were placed in a preheated oven,

and held in air at 1100°C for 20 hours, after which they were quenched to room
temperature. Mg doping of CuScO2 stabilizes the hexagonal (2H) polymorph of the
material, and all the x-ray diffraction patterns could be indexed to this polymorph alone.

In addition, pure (x = 0) CuScO2 pellets were prepared, in both the 2H and 3R

(rhombohedral) forms. To obtain phase pure 3R CuScO2, a small (about 1%) Sc excess

was used, and the pellet was heated in air at 600°C/h to 1100°C, held for 24 h and
quenched. The phase pure 2H form was obtained by the same process as the Mg-doped
samples, except that no MgO was used, but rather a small Cu excess.

Oxygen intercalation of pure 211 and 3R CuScO2 and of Mg-doped CuSciMgO2 was

achieved under

ton of oxygen at 420°C for 6 days in a quartz tube. The

intercalation was prohibitively slow in sintered material, but possible in powder or cold-

pressed material, so the sintered pellets were reground, cold-pressed into bar form, and
oxygen treated.

Films were prepared by rf sputtering from targets of CuScO2, CuSco.95Mgo.0502, and

CuScogsMgo.i 502 in an Ar/02 (100:1.5) mixture at 12 mtorr. The substrate was pure

amorphous SiO2, held at temperatures between 150°C and 350°C. The deposition rate
was about 0.02 nmls and films were typically 150 nm thick. Following deposition, the
brownish-tinted films were subjected to a 15-minute rapid thermal anneal (RTA) cycle
first in oxygen at 750°C and then in argon at 900°C. This process produces transparent,

polycrystalline CuSci..MgO2 films with only the slightest hint of color. Electron probe
microanalysis reveals that the Mg content of the target is reproduced in the as-deposited

films, but only approximately one third of the Mg remains after the RTA process.
Presumably the maximum Mg incorporated in films was 5% (i.e. CuSco.9sMgo0502) from

the target with 15% Mg, but the fate of the rest of the Mg is not established.

For

consistency, films are referred to by the Mg content of the target from which they were

prepared. Oxygen was intercalated by placing the films in a quartz tube furnace in 400

ton of 02 at 400°C for 9 h. In some cases, a high pressure intercalation process was
conducted in a stainless steel tube furnace at

.iO4

ton and 400°C for 24 h.

In what follows, measurements are reported for samples with the same Mg content
but different oxygen content. In the case of bulk material, two sintered pellets were

produced under identical conditions from the same starting powder, ensuring identical
Mg content, and one of the pellets was reground, cold pressed, and oxidized. In the case
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of films, a single sputtered film was cleaved into two smaller films that underwent
identical treatment until the intercalation step.

The structure of the bulk material was examined by X-ray powder diffraction on a
Siemens D5000 diffractometer with Cu Ka radiation. The oxygen content was analyzed

by thermogravimetric analysis (TGA). Film structure was determined using a Rigaku
Rapid diffractometer with the incident beam at grazing incidence and a curved image
plate detector. The increase in oxygen content of the films was qualitatively established

by electron microprobe measurements, and the increase of the lattice parameter upon
oxygen intercalation and the darkening of the films confirm that oxygen uptake occurs.

Temperature-dependent conductivity measurements of pellets and films were
conducted in a liquid nitrogen cryostat in the 120

290 K temperature range. Silver

contacts were used to minimize contact resistance and a 4-probe co-linear geometry was

used for the unoxidized circular pellets.

Silver contacts and a 4-probe technique

appropriate to bar geometry were used for the oxidized samples. Several circular pellets
of unoxidized material were modified to bar shape and their conductivities remeasured in

the new geometry. Conductivities were reproducible within about 10%. The carrier type

was determined by measurements of the Seebeck coefficient at room temperature. A
temperature gradient of about 3 K was established across the sample, and the resulting
thermoelectric voltage was measured.

Diffuse reflectance spectra of powdered samples between 250 nm and 900 nm were

obtained using a Xe lamp and a grating double monochromator as the source, and

collecting light diffusely reflected by the powders with an integrating sphere and
detecting it with a Si diode detector. These data were normalized to the signal obtained

from MgO powder under the same conditions. The same source was used to measure
reflection and transmission of the thin-film samples. In this case, no integrating sphere
was necessary, since diffuse scattering is small.
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III. RESULTS AND DISCUSSION

A. Structural properties

The CuSci..MgO2 pellets (prior to oxygen intercalation) exhibited powder x-ray
diffraction patterns that could be completely indexed to the 3R or 211 polymorphs of
CuScO2 [55]. The pellets were phase pure up to 5% Mg doping; at larger concentrations,

small amounts of MgO and Cu20 were present. This indicates a limited solubility of Mg
.
in CuScO2. The Mg2+.
iomc. radius
(0.72

) is about 3/0 smaller than that of Sc3+.in the

same coordination (0.745 A) [56]. The Mg doping results in a small decrease (-0.04%)
of the a-lattice parameter in powders up to 5% Mg doping, while the c-lattice parameter
changes even less. The 3R polymorph was obtained when no Mg was incorporated and a
slight Sc excess was present. The 2H polymorph resulted for the Mg-doped samples and

for the sample containing no Mg and a slight Cu excess, provided the powder was
prepared in a preheated oven (slow heating always results in some 3R phase). The
structural similarities between the Mg-doped material and the "Cu-doped" material
suggest that the Cu excess necessary to stabilize the 2H form of CuScO2 enters as Cu2
on the Sc3 site. The Cu2 ion (0.73 A) is an even closer match to the Sc3 ion size, so

this substitution is highly likely. Moreover substitution of Cu2 on an octahedral site is
known to occur, for example in Cu2(CuTi)04 [57].

After oxidation of the pellets, the x-ray diffraction pattern exhibits interesting
structure as shown in Fig. 3.2, where the pattern of intercalated 211 CuSco.95Mgo.o5O2 is
shown together with the pattern for unoxidized 2H CuSco.95Mgo.0502. It is evident that

each peak splits into two, and that one of the members of the split pair is closely aligned
with the corresponding reflection in the unintercalated sample, while the other is shifted
to smaller 29. The change is most striking for the (110) reflection near 29 = 57.3°, with a
shift of 0.8°. It is much smaller for the (001) reflections [53], and in this particular set, the

data for the oxidized material include a small offset of 0.15° to bring the (004) reflections

near 29 = 31.6° into alignment. The powder x-ray diffraction patterns indicate that the

oxygenated powder is really an intimate mixture of two distinct compositions. More
detailed studies [53] have shown that these compositions are very close to CuScO2 and
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CuScO25.

(Note that here,

CuScO25

is the delafossite structure, which is either

hexagonal or rhombohedral, with excess 0 in the Cu planes, and not

Cu2Sc2O5

which is

orthorhombic and belongs to a different space group.) The extra oxygen entering the 2H

lattice takes up interstitial sites in or close to the Cu-plane and expands the a lattice
parameter by about 1.5%. TGA of such samples revealed an average oxygen content
between 2 and 2.5 per formula unit, as expected.

Examples of the x-ray diffraction patterns of CuSco.Mgo.oi02+ films withy 0 and

y

0.5 are presented in Fig. 3.3. The large shift of the (110) reflection is again evident,

showing the increase in the a lattice parameter, and a very small effect on the (001)
reflections and hence on the c axis parameter. The film reflections index to the 3R
reflections, but some 2H component is present. The (hk0) and (001) reflections are almost
exactly coincident for 3 R and 2H, and are therefore insensitive to stacking faults, which

is why they are the narrowest and most symmetric peaks.

Details of the thermal

processing affect the formation of the different polytypes, and we are unable to control

this well enough in films to produce a phase-pure polytype. There is a recent report of
3R epitaxial films of CuScO2 by PLD on crystalline A1203 [48]. Although the oxygen

content could not be directly determined in our films, the value of the a-axis lattice
parameter is a good indicator. We usually determined this from the position of the (110)

reflection, but a refinement of the spectrum was performed for several films, and the
agreement is good. The powder data, extensively refined, give reference points for y = 0

andy = 0.5. In many films, we also observe the simultaneous presence of an unoxidized

phase (y

0) with an oxidized phase. In films, the a-axis lattice parameter of the

oxidized phase is consistent with values

other

than y = 0.5, unlike in powders where only

y = 0.5 is observed for the oxidized portion. This difference is attributed to nonequilibrium conditions in the films, probably strain and other defects. Fig. 3.4 shows the

measured a lattice parameter for films as a function of oxygen intercalation pressure.
The different symbols indicate different sets of films, which differ in Mg content, but as
noted previously Mg incorporation has a negligible effect on the a axis lattice parameter.

The films intercalated at 400 torr (solid square) and at 50,000 torr (open triangle) are
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examples where two phases, one unoxidized and the other oxidized or partially oxidized,

were identified by a clear splitting of the (110) reflection. It is worth noting that films

made by pulsed laser deposition (open triangle) were significantly more difficult to
oxidize. These films were c-axis oriented in contrast to the polycrystalline sputtered

films, and the slow oxidation characteristic of the bulk is also displayed here.

One other structural point is worth mentioning. Our procedure involves an oxidation
step that results in the orthorhombic Cu2Sc2O5 phase [58].

polycrystalline and have a greenish hue.

These films are

The subsequent reduction in Ar produces

CuScO2, which is almost colorless, but sometimes has a slight pink hue. There is no
intrinsic reason why the production of CuScO2 should proceed via the

Cu2Sc2O5

phase,

and indeed we have produced films of CuScO2 without this step, but it seems to be more
reliable and reproducible to first oxidize the copper completely [59].

B. Transport properties

The room temperature conductivity as a function of Mg doping for the unoxidized

CuSci..MgO2 pellets is shown in Fig. 3.5, along with the Seebeck coefficient for the
same samples.

There is an approximately linear improvement in conductivity with

increasing Mg content up to around x = 0.06 where it reaches 1..102 S/cm. Further
increase in the Mg content decreases the conductivity. This suggests that Mg2 enters

substitutionally until at least x = 0.06. Note that the conductivity of the "undoped" 2H
CuScO2 is comparable to the Mg-doped samples for small values of x. This supports the

conjecture that the excess Cu necessary to stabilize the 2H phase enters as Cu2 on the
Sc3

site and contributes a hole. The conductivities are more than an order of magnitude

higher than for the 3R phase of CuScO2. If one assumes that the conductivity can be

written a = pep, where p is the number density of holes introduced by the Mg
substitution and e the magnitude of the electronic charge, the data below x = 0.06 can be
reasonably well represented by a "mobility parameter"

t

= 5.8 . 1 0 cm2/Vs. This is not

a true mobility but a parameter that incorporates ionization efficiency as well as intrinsic

mobility, but the low value is certainly consistent with the difficulty in measuring a Hall
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mobility in either powders or films, and indicates that the doping efficiency and the
mobility are probably both small.

The Seebeck coefficients of all the samples are positive, indicating p-type
conductivity. The values (400

500 .tV/K) are typical of poor conductors, but more

important is that the trends in the Seebeck coefficient mirror the conductivity
measurement trends, with higher values for the less conductive samples and lower for
more conductive ones. Since the Seebeck effect is less dependent on grain structure or
sample geometry than conductivity, this indicates that the conductivity is probably not
determined entirely by grain structure but rather reflects the Mg content. This is further
supported by thin film results where the conductivity of CuSci..MgO2 is about the same

order of magnitude as for powders in the same x range.

Temperature-dependent

conductivity measurements were also performed and reflect predominantly variable range

hopping (VRH) character especially below 200 K. VRH behavior follows the law

a = ae
and can be characterized by the temperature parameter

T0,

the slope of the graph of lnc

versus T"4. This parameter is presented in Table 3.1, along with the sample densities.

We now turn to the results for the set of oxidized (intercalated) CuSciMgO2+
pellets. The room temperature conductivities and Seebeck coefficients as a function of
Mg content x, are displayed in Fig. 3.6. The overall behavior is superficially similar to

the unoxidized samples with a broad maximum near x

0.05. The conductivities are

larger by about 1.5 orders of magnitude over those of the corresponding unoxidized
pellets, with a maximum value of about 0.5 S/cm. Once again the Seebeck coefficient
trend mirrors the conductivity trend, and the overall values are smaller by about a factor

of 3-4, as expected for more conductive material. The improved conductivity is, of
course, induced by the oxygen excess, which was measured by TGA for each sample, and

Fig. 3.7 illustrates that the conductivity correlates with the oxygen excess. Fig. 3.8
displays the conductivity, corrected by subtracting the small value for the corresponding

unoxidized material, as a function of oxygen excess y. Again assuming the validity of
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a = pep, we calculate the number density on the premise of two holes per oxygen, and
find that a "mobility parameter" of about 3.6

lO

cm2/Vs fits all the data reasonably

well - there is also no saturation effect. As before, one should be circumspect about the

interpretation of this parameter, but it is about a factor of 6 higher than the parameter
found for the unoxidized materials. The difference in "mobility parameter" is significant

but not extremely large. Thus the large conductivity of oxidized CuSciMgO2+ can be
mostly accounted for by the fact that CuScO2 accommodates more excess oxygen than
substituted Mg. Excess oxygen can be intercalated up to 0.5 per formula unit (1 hole per
formula unit if both holes contribute to the conductivity), whereas Mg can be substituted

only at the level of about 0.05 holes per formula unit before adversely affecting
conductivity.

The oxygen excess represented in Fig. 3.8 is an average value for each sample we

have noted previously that the CuSciMgO2 powders are mixtures of phases with
compositions close to CuScl.MgO2 and CuSclMgO2.S. The intercalation of oxygen is

very slow, so it is likely that each grain consists of an oxidized shell surrounding an
unoxidized center.

It is not entirely clear why the oxygen uptake depends on the Mg doping at all, and

why it peaks near the Mg solubility limit. Mg doping slightly decreases the CuScO2
lattice parameter, so increased Mg content should inhibit oxygen uptake, not enhance it.
It is in principle possible that the crystallite sizes were different for different Mg content,

and this influenced the oxygen uptake. In favor of this argument is that all Mg doped

material was identified as the 2H polymorph, and this phase routinely has larger
crystallite sizes and is more difficult to oxidize. Thus small variations in size could
produce significant variations in average oxygen uptake.

On the other hand, x-ray

spectra provide no evidence for significant crystallite size variation. Whatever the reason
for the observed larger oxygen uptake near x

0.5, it raises an important question: could

the "unoxidized" materials with similar x value have taken up a small amount of oxygen
during synthesis (for example during the quench from 1100°C), so that their conductivity

is really oxygen induced rather than Mg induced? The answer appears to be "no" for
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several reasons. First, neither TGA nor x-ray diffraction of the unoxidized CuSc1..MgO2

materials gives any indication of excess oxygen. Second, the oxidized materials were
ground one additional time compared to their unoxidized counterparts, so crystallite size

variations should be different. Finally, thin film conductivity results, discussed below,
also show that the addition of Mg improves conductivity.

The oxidized 3R and 2H phases of bulk CuScO2+ (no Mg) also show improved
transport properties over their unoxidized counterparts. The 2H CuScO2 is again of
comparable conductivity to the Mg-doped powders. In the case of the 3R CuScO2, the
improvement in conductivity upon oxidation is very large (7. 1 O S/cm to 0.2 S/cm upon
oxidation).

This may result from improved oxygen incorporation arising from the

generally smaller grain sizes in 3R powder [53]. The conductivity of all the oxidized
materials is less temperature dependent than for the corresponding unoxidized materials,

which results in lower values of the parameter T0, as shown in Table 3.2. It is also not

possible to fit all the data with a single VRH form, so the values in Table 3.2 are for
temperatures below 160 K.

The conductivity for CuSciMgO2 films as a function of Mg content in the sputter
target is shown in Fig. 3.9. Unoxidized films with no Mg doping (y = 0, x = 0) have very
low conductivities (<10 S/cm), and the incorporation of Mg increases the conductivity

by about two orders of magnitude to the level of 1 0

S/cm (similar to powders). The

conductivity of the film with higher Mg content (x = 0.15 in sputter target) is slightly
smaller than that of the film with x = 0.05 in the sputter target. Although there are only
two doping levels, the results are consistent for several preparation conditions (including

more than the two shown here). The overall increase of the conductivity upon uptake of

oxygen is a further two orders of magnitude to a level of 1-5 S/cm for the films
intercalated at 400 ton.
increasing Mg doping.

In this case the conductivity continues to increase with
Upon high pressure oxygen intercalation (5

.

10

ton), the

conductivity reached about 25 S/cm for undoped and Mg doped films. We have no
quantitative measure of the oxygen content of the films, but films intercalated with
oxygen at 400 ton were all intercalated simultaneously, so the oxygen uptake should be
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the same. The increased conductivity for higher Mg doping in this case could be the
result of a co-doping effect where the presence of the oxygen improves the efficiency of

hole generation by the Mg, or improves their mobility by providing increased orbital
overlap in the Cu planes (or Cu-O planes in this case). However, this would have to be

investigated more carefully for several levels of Mg doping, and would require
quantitative oxygen analysis. In the heavily intercalated films, the conductivity is high

enough that the dependence on Mg concentration is no longer evident. The maximum

conductivity achieved in intercalated films is 10

50 times higher than in powders.

Since the conductivity for the unoxidized films and powders is similar, the lower
conductivity in powders is unlikely to be due to grain boundary effects, but rather to
incomplete oxidation of the powdered materials.

C. Optical properties

The results of the diffuse reflectance measurements of the unoxidized 3R and 211
CuScO2 powders and of unoxidized CuSci..MgO2 powders for x
graphed in Fig. 3.10. The diffuse reflectance (relative to MgO),

function of wavelength. The ratio

(1

R( 2),

0.02 and 0.04 are
was recorded as a

-R)2/2R gives the ratio of the absorption coefficient

to the scattering factor at that particular wavelength. To the extent that scattering is not

expected to vary considerably over the wavelength of interest, this ratio may be
considered proportional to the absorption coefficient, usually called a. The absorption
coefficient can be obtained directly from true transmission and reflection measurements

on thin films or crystals, but for powders, diffuse reflection is considered a reasonable
equivalent.

(Diffusely "reflected" light from loose powders has in fact also been

transmitted through tiny crystallites near the surface.) It is common practice to plot
(aE)2 versus

E (where

E = hc/2

is the photon energy) and determine a direct band gap

from the intercept of the plot with the

(aE)2

=0 axis. Such a representation is found in
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Fig. 3.10. The values for the band gap thus determined from diffuse reflectance may not
be entirely accurate given the approximations, but they should clearly indicate trends.

The 3R CuScO2 is very slightly gray in color and its diffuse reflectance spectrum is

very clean and allows an unambiguous band gap to be identified. It was estimated at
about 3.3 eV and is qualitatively in agreement with values measured in thin films [54,48].

The "undoped" 2H phase CuScO2 powder is a darker gray as is to be expected from the

overall higher absorption in the visible region. There is also an additional feature in
diffuse reflectance near 3.3 eV. However, the spectrum looks very similar to that of the
3R material above about 3.4 eV, and it would be difficult to argue that the band gap has
been decreased. Rather, it appears that the incorporation of excess Cu2 introduces states

in the gap that contribute to absorption. Incorporation of Mg2 into the samples further
darkens the material as is evidenced by increased absorption near 2.3 eV for both the x =
0.02 and x

0.04 powders. The oxidation process converted all the CuScO2 and CuSc1.

MgO2 samples to black powders that were too absorbent to produce meaningful diffuse
reflectance spectra.

Reflection and transmission spectra of films confirm the visual impression that
CuScO2 films are transparent in the visible region, and are not rendered more absorbing
by the incorporation of Mg at the levels investigated here. These films have a direct band

gap of 3.6 eV. Intercalation of oxygen causes increased absorption across the visible
spectrum. The highly conductive films darken, but retain transmission around 70% for
wavelengths longer than 700 nm. At 550 nm, transmission is about 50%, and decreases
for shorter wavelengths.
IV. SUMMARY

Changes in structural and transport properties of CuScO2 powders and films upon

substitution of Mg for Sc and intercalation of oxygen are reported. Mg doping and
oxygen intercalation both increase p-type conductivity in CuScO2, and the conductivity

can be varied by 5 orders of magnitude with various combinations of dopants. The
effectiveness of each type doping appears to be similar, and the larger conductivity
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resulting from oxygen intercalation is most simply explained by the capacity of the
structure to incorporate a large oxygen excess (up to y = 0.5 in CuSci..MgO2+) with
continued increase in conductivity, whereas its ability to substitute Mg is limited to x <
0.06.

Oxygen intercalation expands the CuScO2 lattice, mainly by increasing the a-axis
lattice parameter. X-ray diffraction indicates that the oxidized bulk material consists of a

mixture of two phases with compositions close to CuSciMgO2.o and CuSclMgO2.5.
In films, such mixtures are also observed, but the oxygen content of the oxidized phase
may be less than 2.5.

The increased conductivity CuSciMgO2+ has a significant effect on the optical
absorption of the material.

Diffuse reflectivity of powders indicates that the 3R

polymorph is virtually defect free, with little absorption of light at energies below 3.4 eV.
The 2H polymorph stabilized by excess Cu shows increased absorption across the visible

spectrum, as do the 2H polymorphs stabilized by Mg substitution, which also have
additional absorption at 2.3 eV. Films of CuSciMgO2 are highly transparent, even with

Mg substituted at the level of several percent, but show increased absorption over the
visible range upon oxygen intercalation.
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TABLES:

Table 3.1. Density (% of theoretical) and VRFI parameter T0 (160 < T < 290 K) from
temperature-dependent conductivity measurements of unoxidized CuSci..MgO2 pellets.
Mg doping, x

Density, %

0.04
0.05
0.06
0.07
0.09
0.10
0.12
0.15

83
83
81
85
85
83
85
83

0.01
0.02
0.03

76
76
80

T01"4 (K"4)

180
168
161
163
163
163
153
153
153

139
150

Table 3.2. Density (% of theoretical) and VRH parameter

T0

(T < 160K) from

temperature-dependent conductivity measurements of oxidized CuSclMgO2+ pellets.
Mg doping, x
0.01

0.02
0.03
0.04
0.05
0.06
0.07
0.09

Density,
75
76
71

75
71

79
73
79

%

(K"4)
57
56
68
68
77

ToI'4

71

67
64
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FIG. 3.1. Part of the AMO2 delafossite structure showing the site of the 0 dopant. Small

dark spheres are Cu atoms forming a triangle around the interstitial oxygen
atom. The light sphere is a Sc atom (for which Mg substitutes) bonded to 6
oxygen atoms. In the 3R form, the interstitial oxygen atom is displaced by
about 0.3 A out of the Cu plane toward the Sc atom.
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5% Mg, unoxidized
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FIG. 3.2.

(Color online) X-ray diffraction patterns of unoxidized (light/orange line)
CuSco.95Mgo.0502 and oxidized (dark/blue line) CuSco95Mgoo5O2+
powders.

bulk

Two features are prominent: the splitting of the peaks in the

oxygen-intercalated sample and the shift of one of the split pair to smaller 20.
The shift is largest for (hkO) reflections.
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FIG. 3.3. (Color online) X-ray diffraction patterns of unoxidized CuSco.Mgo.oiO2
(light/orange line) and oxidized CuSco.99Mgo.0102.5 (dark/blue line) films. The

important reflections of the 3R (above) and 2H (below) polytypes are
indicated by crosses.
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FIG. 3.4. (Color online) Variation of the aaxis lattice parameter in CuSc1MgO2+
sputtered films (closed symbols) as a function of intercalation pressure. Films

were intercalated at 400°C for

9 hours. For comparison, films made by

pulsed laser deposition are included (open symbols). The a-axis parameters
for bulk CuScO7+ fory = 0 andy = 0.5 are indicated by dashed lines.
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FIG. 3.5. Room temperature conductivity (closed symbols, left scale) and Seebeck
coefficient (open symbols, right scale) of unoxidized CuSciMgO2 pellets.
Circles correspond to Mg-doped material, squares to 2H CuScO2, and
triangles to 3R CuScO2. The line is a fit to the conductivity data for 0.01 <x

<0.06.
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FIG. 3.6.

Room temperature conductivity (closed symbols, left scale) and Seebeck
coefficient (open symbols, right scale) of oxidized CuSciMgO2+ pellets.

Circles correspond to Mg-doped material, squares to 211 CuScO2+, and
triangles to 3R CuScO2+.
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FlU. 3.7. Room temperature conductivity (closed symbols, left scale) and oxygen

content as determined by TGA (open symbols, right scale) of oxidized CuSci..
MgO2+ pellets as a function of Mg dopant concentration.
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FIG. 3.8.

Room temperature conductivity of oxidized CuSciMgO2+ pellets as a
function of average excess oxygen content. The conductivity of each
corresponding unoxidized sample has been subtracted. The straight line is a
fit.
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15

%)

Room temperature conductivity of CuSciMgO2+ films. The Mg content is

indicated as the percentage of Mg in the sputter target.

Three different

intercalation procedures are indicated - high pressure (circles), intermediate

pressure (diamonds), and no intercalation (squares), and two different
350°C (closed symbols) and 150°C (closed
deposition temperatures
symbols). The lines are guides.
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FIG. 3.10. Diffuse reflectance spectra of CuSc1MgO2 powders.
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3.2. Further results

3.2.1. Structural properties
Structure refinement reveals that the a lattice parameter decreases by about 0.04%

(fig.3.11, a) upon the incorporation of the smaller Mg atom on the Sc site compared to

the 2H polymorph. The c lattice parameter changes even less (0.006 %) shown on
fig.3.1l (b). Therefore, the incorporation of Mg on the Sc sites does not have much
influence on the crystalline lattice parameters. This can be explained by the similar values

of the ionic radii (-'3% different) of Sc (0.745
coordination

and Mg (0.720

A)

A)

in six-fold

56

S

11.4040

3.2200
3.2195

.SSSS

11.4035

a)

.

11.4030
11.4025

3.2190

S

S

11.4020

3.2185

S

b)

11.4015

3.2180

11.40 10

11.4005

3.2175

0 1 23456 78910111213141516

0 1 23 45 6 78910111213141516

Mg doping, at.%

Mg doping, at.%

Fig.3.1 1. Doping with Mg on the Sc site changes the a lattice parameter (a) and c lattice
parameter (b) (Jun Li).

The 3R polymorph was obtained only when no Mg was incorporated and a slight

Sc excess was present, while the 2H polymorph results upon Mg doping or even in the
presence of excess Cu (Fig.3.12). The structural similarities between the Mg-doped and
the "Cu-doped" material indicates that the excess Cu necessary to stabilize the 2H phase
substitutes as Cu2 on the

Sc3

site.
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Fig.3.12. 2H and 3R polymorths of CuScO2. Sc is in the center of the octahedra.

The oxygen intercalation level of the CuSclMgO2 samples was measured by
TGA (Fig.3.13). As discussed above, regardless of the simultaneous oxidation process of

all Mg doped samples, a maximum intercalation level of y around 0.22 is observable for
CuSc1MgO2+, 0.04<x<O.06, which also show the highest conductivity values.
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Fig.3.13. Oxygen intercalation levels of CuSciMgO2+ measured by TGA. (Jun Li)

3.2.2. Electrical properties

Temperature dependent conductivity measurements were performed (Fig.3.14),
and reflect dominantly VRH character. The

T0

parameter values are extracted in the 160

K - 290 K temperature range and shown in Table 3.1. Below 160 K a change in slope is
observed, leading to an even higher hopping parameter

T0,

indicating further

depopulation of the impurity states.

The conductivity of all oxidized materials is less temperature dependent
(Fig.3.15) and result in lower

T0

parameter values at temperatures <180 K compared to

the unoxidized CuScO2:Mg. The transport mechanism also changes to activated behavior

most likely due to the appearance of broader impurity band from the incorporated

oxygen, thus a higher carrier concentration available for electrical transport with
somewhat higher "mobility". This is no surprise, since oxygen incorporation occurs to
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Fig.3.14. Temperature dependent conductivity measurements of not oxidized
CuScO2:Mg samples. The carrier activation energies decrease with increasing
Mg concentration.

much higher level then Mg substitution, theoretically providing two positive carriers per
incorporated oxygen.

For bulk transport measurements the density of the pressed powder pellet is
important, since the presence of grain boundaries greatly influence the outcome of the
measurement. The desired densities lie above 60-65 % of the theoretical density of the
material, such that the conductivity measurements reflect a lower limit of the actual value

of single crystalline or thin film properties. As can be seen in Fig.3.16.a, the unoxidized
samples have densities above 75%. This is due to the possibility of high temperature
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Fig.3.15. Temperature dependent conductivity measurements of oxidized CuScO2:Mg
samples. The activation energies are about 70 meV.
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preparation of the samples (1150°C), and in principle can be further improved by
optimization of preparation conditions. Even though the trends in the conductivity and
pellet densities look similar, no evidence of correlation between the two was found.

In the case of oxidized samples, the intercalation temperature of 400°C was also
the sintering temperature of the powders. This resulted in somewhat lower pellet densities

(Fig.3.16 b) of 70-80 %. Again, no correlation between the densities and conductivities of
the different samples was observed.

To test the importance of sintering, a pressed but not sintered sample and pressed

under the same conditions and sintered sample of 2H CuScO2 were prepared with
densities of 80 % and 89 % respectively. Although the difference in the densities was
small, the conductivity of the sintered sample was 4 orders of magnitude higher than for
the unsintered one.

The temperature dependent Seebeck coefficient was studied in a few delafossitederived compounds, CuR02+ (R=La, Eu, Y etc.)

and variable range hopping character

was concluded. The temperature dependent Seebeck coefficient of CuSc02+ thin films
(Fig.3.17) prepared by if sputtering described in detail elsewhere

were measured. The

films were intercalated at pressures between 400-40,000 Torr at 400°C in 02 atmosphere
for 12 hours. The conductivity, as well as the Seebeck coefficient, of the films are greatly

dependent on the amount of intercalated oxygen and can be tuned between 11 053.101
S/cm, and 40-600 pV/K.

The films labeled SM 1 6a and SM 1 6b are the most conductive films, while
SMl6d is the least conductive one. All films show an increasing Seebeck coefficient

down to about 100 K. This is a typical behavior for semiconducting materials with
hopping type conductivity. For the two most conductive films (highest intercalation

pressures) the measurement was possible down to -.l0 K, where some interesting
behavior is observed. The drop in the coefficient value below 100 K is followed by a

minimum around 45 K. Such a decrease in the coefficient with temperature usually
indicates hopping or metallic type behavior. There is not enough information on the
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Fig.3.17. Temperature dependent Seebeck coefficient measurement of CuScO2:Mg thin
films between 10-300 K. The two most conductive films show a minimum around
40-50 K.

properties of these films at temperatures below 100 K to argue the possibility of a
metallic phase formation. The following sharp increase is characteristic of the phonon

drag phenomenon (eq. 2.19), widely observed in semiconductors and metals below a
characteristic temperature

(<100 K). Equivalently it might indicate an insulating

phase/state formation of CuScO2 films at such low temperature. Although, usually the
Seebeck coefficient is hard to measure in the case of insulating materials, because of the

lack of mobile carriers (that is why only one data point present for the SM16d sample),
which doesn't seem to be the case.

A theoretical model to describe the change of the Seebeck coefficient with
temperature from a statistical approach is under development by Dr. A. Wasserman and

Dara L. Easley. This model, based on hopping of localized fermions, fits the measured
temperature dependent Seebeck coefficient fairly well by varying an energy parameter of

the localized impurity states. By varying the carrier concentration per Cu site, which is
equivalent to the oxygen intercalation level, the trend of increasing Seebeck coefficient
towards lower carrier concentration (intercalated oxygen) can be obtained. This theory is
under development towards more fundamental description of the energy parameter, used
in the model 60

3.2.3. Optical properties

The optical properties of unoxidized and oxidized CuScO2:Mg as well as the 3R

and undoped 2H phases were measured by the diffuse-reflectance technique. The 3R
phase material is slightly gray in color and its band gap was estimated at about 3.3 eV
and is close to the values measured in thin films (3.6 eV). The undoped 2H phase CuScO2

powder is dark gray and the additional feature in diffuse reflectance around 3.3 eV can be

clearly recognized. Incorporation of Mg into the samples further darkens the material.

The band gap of the material seems not to change by conversion to the 2H phase and
introduction of Mg but rather scattering centers are being created which compromise the
transmittance. The powder colors are shown in fig.3.18.

The oxidation process converted all our CuScO2 samples to black powders. It is

well known to decrease the transmittance in thin films, too. The absorption in the
materials is so high, that band gap properties cannot be observed (Fig.3.19). In principle,

more information can be obtained for the oxidized materials, by mixing the highly
absorbing CuScO2:Mg powders with non- or low-absorbing material, so that higher flux
is established through the detector.
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Fig.3.18. Powder colors of the intercalated 3R CuScO2 (left), unoxidized 3R and 2H

polytypes, and 4 at. % Mg doped (right).
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Fig.3.19. Oxygen intercalation makes CuScO2+,, black, hence no band gap structure can

be observed via diffuse reflectance.

3.4. Conclusions

The possibilities and influence of doping on the structure and transport properties
on a subset of compounds of the delafossite structure are explored in this work. Both, Mg
and intercalated oxygen, are proved to be effective dopants in CuScO2.

A systematic study of the effect of Mg doping on the properties of CuScO2 is
carried out. It is shown that the Mg enters the crystalline lattice substitutionally on the
octahedral Sc site and stabilizes the 2H polymorph of the compound. The temperature
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dependent electrical conductivity measurements indicate variable range hopping type

mechanism of carrier transport. The possible influence of the pellet densities on the
results of conductivity measurements are ruled out because no correlation between them
is found and the trend is further supported by Seebeck coefficient measurements.

The intercalated oxygen is shown to take interstitial sites in the Cu plane of the
crystalline lattice, expanding the a lattice parameter. It is established that the oxygen can
be incorporated in larger amounts (up to CuScO2.5) then Mg, and a further increase in the

conductivity of the compound to

0.5

S/cm is observed. Thermally activated behavior is

observed above 200 K, indicating higher carrier concentration and broader impurity
bands. The highly increased absorption level of the intercalated CuScO2 is a significant
drawback for TCO applications.

Temperature dependent Seebeck coefficient measurements on thin film with
varied oxygen intercalation levels show typical semiconductor like behavior, although the
origin of the anomaly at low temperatures is not understood.
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Chapter 4. Properties of bulk BaCu2S2 and BaCu2S2:K
4.1. Introduction

Unsuccessful attempts at producing highly transparent and conductive oxide
systems have led to the chemical design of new ternary and quaternary compounds of

oxy-sulfide, sulfide and sulfide-fluoride based materials. These might be the most
suitable choices (oxy-sulfides and sulfide-fluorides) for preserving transparency in the
visible region, since the heavier chalcogenide atoms (Se, Te) are found to decrease the

optical band gap of the compound. Such band gap modulation in BaCu[Qi..Q'JF solid
solutions, where a continuous change from 3.1 eV (BaCuSF) to 2.9 eV (BaCuSeF) via

increasing amounts of Q' = Se with Q = S, and a further decrease in the [Se,Te] solid
solutions
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to 2.3 eV for BaCuTeF

62,

is already observed. The band gap modulation is

an important feature in a material system for possible band edge excitonic emission, as
have been observed in the LaCuOS
solid solutions

63

compound, and modulated in the LaCuOSi..Se

.

It is also commonly observed that heavier chalcogenide atom substitution in the

materials mentioned above causes a significant increase in the conductivity, although
they lose optical transparency. This can be attributed to more covalent bonds forming
between S or Se and Cu compared to oxygen, also observed in the BaCu2Q2 (Q=S, Se,
Te) ternary systems. The more covalent bonds (and larger chalcogenide atoms) lead to

higher dispersion near the top of the valence band, giving rise to higher mobility and

hence improved conductivity, but also decreasing the gap between the bands. For

example, the conductivity increases by almost two orders of magnitude when Se
substitutes S in LaCuOQ
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epitaxial films. In BaCuQF bulk pellets, BaCuSeF has a

somewhat lower conductivity than BaCuSF

65,

but more definitive results are expected

from high quality thin films where grain boundaries are less important. Upon doping on

the cation site (Mg for La, or K for Ba), both material systems show improved
conductivity (up to -1OO S/cm) and the temperature dependent conductivity becomes
typical of a degenerate semiconductor.

BaCu2S2 and BaCu2Se2 are highly conductive p-type semiconductors. The former

can be prepared in two phases, a low temperature orthorhombic form, a-BaCu2S2
(Fig.4. 1, a), and high temperature tetragonal form, f3-BaCu2S2
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(Fig.4. 1, b), determined

form single crystal XRD. The latter has been synthesized only in the tetragonal form, so

far. These materials have not received wide attention and only basic structural and
electrical properties have been studied. It was shown, though, that the BaCu2S2 has a
typical semiconductor like behavior

xO.2)
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and upon high potassium doping (BaiKCu2S2,

the compound exhibits metallic type behavior. The Cu deficient (BaCu2..S2

O<x<2.0) compound also exhibits increasing conductivity

69,

which might indicate that

the hole carriers are created by Cu vacancies.

b)

Fig.4.1. Structure of(a) a- and (b) 13-BaCu2S2.

Another interesting feature of the BaCu2Q2 (Q=S, Se, Te) materials is their high

conductivity and Seebeck coefficient, which makes them candidates for thermoelectric
cooling materials34. For example, the electrical and thermal conductivity and the Seebeck

coefficient of BaCu2Te2 reported by Y.C. Wang and F. J. DiSalvo

70,

yield a

thermoelectric figure of merit ZT= 0.129. For any practical application a minimum of ZT

= 2 is required. The BaCu2Q2 compounds reported in this chapter are of much higher
conductivity, therefore being possible candidates for high figure of merit materials.

The thin film form of a-BaCu2S2 was recently reported by our collaboraters.
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The band gap of 2.3 eV does not allow for transparent coating applications. Electrical
measurements reveal a p-type conductivity of 17 S/cm and a mobility of 3.5 cm2/V s,
which will be used in this chapter to estimate the carrier concentration in the K-doped
BaCu2S2 bulk materials.

In this chapter the transport and optical properties of K doped BaCu2S2 and
BaCu2Se2 are studied. The materials were prepared by Cheol-Hee Park of the Keszler
group in the Department of Chemistry at Oregon State University

4.2. Experimental

Powder samples of undoped and K-doped BaCu2S2 were prepared by heating
stoichiometric mixtures of BaCO3 (Cerac, 99.9%), Cu25 (Cerac, 99.5 %), and K2CO3
(Aldrich, 99.995%) at 450 °C for 1 h under a flowing stream of H2S gas and cooling to
room temperature under flowing Ar. The BaCu2Se2 powders were prepared by heating

stoichiometric mixtures of BaSe (Cerac, 99.5 %) and Cu2Se (Cerac, 99.5 %) in an
evacuated silica tube at 550 °C for 5h. For K-doped BaCu2Se2 stoichiometric mixtures of

BaSe, Cu2Se, Se (Alfa, 99.999%), and KNO3 (Jobnson-Matthey, ACS) were heated at
500 °C for 1 h under a flowing stream of H2 (5 %) / N2 (95 %) mixture gas.

Each powder sample was pressed at 4500 N force into a half-inch diameter pellet

and annealed at 450°C for 10 h and 650°C for 1.5 h in an evacuated silica tube to obtain
the a- and n-phases, respectively, of BaCu2S2. The same force is used to obtain pressed

pellets of Bai..KCu2Se2, 0 < x < 0.1, with same heating procedure as for powder
preparation. The resulting pellets are orange-brown in the a- BaCu2S2, dark gray-black in

the case of -BaCu2S2, Bai..KCu2S2 and Bai..KCu2Se2, with 0 <x < 0.1.
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All samples were characterized by powder x-ray diffraction (Cu Ka radiation) on
a Siemens D-5000 powder diffractometer.

The pellets were characterized by collinear four-probe temperature dependent
conductivity, Seebeck coefficient and diffuse reflectance measurements. Due to the high

conductivity of the material, metal contacts were not used. The room temperature
conductivity measurements were carried out using the van der Pauw method.

BaCu2S2, BaCu2Se2 and their potassium-doped derivatives are stable in ambient
atmosphere and no evidence of water sensitivity is found.

4.3. Results

The optical (band gap) and transport (conductivity, Seebeck coefficient and
estimate of carrier concentration) properties of the BaCu2S2 pressed powder samples

discussed in this section are summarized in Table 4.1.

The carrier density, n, was

calculated assuming a mobility of 3.5 cm2/Vs.

Table 4.1. Transport and optical measurements results of Bai.KCu2S2, 0 <x < 0.1.
Bai..KCu2S2

,

S/cm

S, p.V/K

flealculated,

cm3

Band Gap, eV

x0,a-

1.7

197

xO,f-

19

226

xO.005

34

228

x0.025

119

150

2.05 1020

1.75

x0.05
x0.075

263

132

3.15 1020

1.75

370

112

5.45 1020

1.75

434

101

6.95 1020

1.75

x0.l

3.1018

2.3
1.75

1.7

iO'9

1.75

4.3.1. Optical properties
Diffuse reflectance measurements (Fig.4.2) reveal a band gap of about 2.3 eV for

the a-phase and a 1.75 eV for the 13-phase

BaCu2S2

powders, being consistent with the

orange and black colors of the samples. All samples show a direct optical gap, with no

evidence of an indirect gap. Although these small bandgap values do not permit
transparency over the full optical spectrum (unlike oxide based transparent conductors,
ITO, CuScO2, etc.), the material still could find application in appropriate solar cells and

other devices because of its outstanding transport properties. Also, it is the basis for the
layered BaCuQF materials, which are transparent, and show great promise as TCs, so that
the "parent" compound is interesting to study.
20
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I
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a

I

I

I

I
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I
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Fig.4.2. Diffuse-reflectance optical measurements for band gap
determination of a- BaCu2S2 (green) and Ba09K01Cu2S2 (red) (Cheol-Hee Park)
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4.3.2. Effect of preparation temperature
The preparation temperature dependence of BaCu2S2 and Bao.95K0.05Cu2S2 were

examined to verify reproducibility, influence on pellet density and transport properties.

Undoped and 5 at. % K doped BaCu2S2 pressed powders were prepared at 450°C and
their temperature dependent conductivities measured (Fig.4.3). The samples were round

(dia. -9.5 mm) and 1.5 mm thick. The room temperature conductivities were about 1.7

S/cm for the a-phase sample and about 160 S/cm for the 5 at. % potassium doped
sample. The striking difference is that while the undoped sample shows activated
conductivity, the doped sample conductivity increases towards lower temperatures. After

the measurements the samples were heated at 650 °C for 1.5 hrs in an evacuated silica

tube. This heat treatment converts the undoped a-phase material to the 3-phase, and it

increased the room temperature conductivity of the undoped sample by an order of
magnitude to 20 S/cm. Since the presence of the potassium induces the 3-phase even at
low preparation temperature, one might expect only a slight change in the conductivity in

the doped samples due to sintering at 650 °C. As expected, the difference is not as
dramatic as in the case of the a-phase conversion, and results in a room temperature
conductivity of about 210 S/cm. The temperature dependent behavior remains of the
same character for each sample.

To illustrate reproducibility, properties of two sets of samples of BaiKCu2S2,
0 <x < 0.1, prepared at 450°C and 650°C pellet annealing temperature are summarized in
Table 4.2. The undoped BaCu2S2 and Ba095K005Cu2S2, which underwent both the 450°C

and 650°C annealing procedures, are part of the high (650°C) temperature set. Note that

the densities of these two samples are lower than those of the samples prepared at high
temperature directly, with x

0.005, 0.025, 0.075, 0.1.

The characterization results show a systematically lower conductivity for lower

annealing temperature, but the difference decreases with higher K doping level.
Nonetheless, the higher preparation temperature of 650°C results in powder pellets of

improved conductivity and density. Of course, the higher pellet density can be

responsible for the improvement of transport properties. The Seebeck coefficients of both

sets of samples is very similar, indicating no dependence on density, therefore being a
measurement of an intrinsic property.

1

3

102

E

hase650°C)

C.,

.

1

U,

hase(450° C)

100

1 01

2

4

6

6

10

12

1000cr, K'

Fig.4.3. Higher preparation temperature results in more conductive
materials of BaCu2S2 and K-doped derivative.
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Table 4.2. Pellet density and conductivity dependence on preparation temperature of
Ba1 KCu2S2.
Sample doping

P'Pth, %, 450°C

0

c, S/cm, 450°C

p/pth, %, 650°C

1.7 (a-)

64

20 (3-)

,

S/cm, 650°C

x0.005

71

9.4

84

34

x0.025

61

83

89

119

69

142

72

263

x0.075

71

256

81

370

x0.1

65

363

83

434

x0.05

4.3.3. Transport properties
Along with the undoped and 5 at. % K-doped BaCu2S2 discussed above (Fig.4.3),

BaiKCu2S2 with x = 0.005, 0.025, 0.075 and 0.1 were prepared at 650°C to form a set

of samples with systematically increased potassium doping level. The temperature
dependent conductivities of this set were measured (Fig.4.4). The change from activated

to metallic carrier transport mechanism takes place in samples with K doping x

0.025.

The origin of the carriers in the undoped state is unknown, but the presence of potassium

induces a large number of carriers, that in turn moves the Fermi energy level toward the
VB edge, resulting in degenerate semiconductors. Room temperature conductivity of up
to 410 S/cm in Ba09K01Cu2S2 is the one of the highest among the currently known p-type

TC's.
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Fig.4.4. Temperature dependent conductivity measurements of BaiKCu2S2. Activated

behavior is observed in the undoped form (x0). K doped samples with x> 0.005 show
degenerate semiconductor behavior.

A carrier concentration calculation was carried out based on the assumptions that

the mobility of the intrinsic carriers in the undoped material is 3.5 cm2V

and

s1 71

remains unchanged with doping (Fig.4.5). Along with the measured conductivity, such a
calculation yields a carrier concentration of 3.5.1019 cm3 in the undoped BaCu2S2 and
increases to 7.7.1020 cm3 for 10 at. % K doping, using:

p=cT/(1U.e)

where c.r is the conductivity of the sample, p is the mobility of the carriers, and e

(4.1)

is

the

charge carried by the carrier. The doping efficiency, i.e. the number of potassium atoms
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Fig.4.5. Estimated carrier density (blue) and defect creation efficiency (green) with
K doping in BaCu2S2. The densities of the pressed pellets are shown in red.

present producing a carrier, shows a maximum of 85 % in Bao95K005CuS, and somewhat

decreases with higher doping levels, indicating a limited solubility of K or increased
scattering of mobile carriers on defects introduced by doping in the compound. XRD of
the

5

at. % to 10 at. % potassium doped samples, show no K derived residues, which

suggests that the latter scattering mechanism is more likely the cause of the decreased
efficiency.

The results of room temperature conductivities and Seebeck coefficients are
summarized in Fig.4.6. The Seebeck coefficient measurement results follow an expected

trend: the lower conductivity sample (undoped p3-phase) has the highest value and
decreasing as the conductivities due to doping increase. It is interesting to note that while

in the case of CuScO2-1-:Mg, where the conductivities were 1-2 orders of magnitude

lower than in BaCu2S2, the Seebeck coefficient are lower or of comparable value
(compare Fig.4.6 and Fig.3.6). This might be an indication of a high thermoelectric figure

of merit, although thermal conductivity measurements on BaCu2S2 are not available. To

achieve a ZT = 4 for this compound in thermoelectric devices, a thermal conductivity of
about K = 0.3 mW/(cm.K) would be required. For BaCu2Te2, mentioned in the

introduction, a thermal conductivity of 22 mW/(cm.K)
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was reported, which is 2 orders

of magnitude higher for the same material class. Assuming this value of K for the case of
BaCu2S2 a maximum ZT = 0.06 can be obtained, quite low for practical application.
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Fig.4.6. Room temperature conductivity and Seebeck coefficient

of BaiKCu2S2, 0<x<0. 1.

CD
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Even higher results for conductivity are observed in the Bai.KCu2Se2
compounds. The substitution of Se for S is expected to lead to higher covalency of Cu-Se

bonds, allowing for broader impurity bands, and perhaps improved carrier mobility.

Indeed, the measured conductivities of this compound are higher then that of
BaiKCu2S2, by at least a factor of 2 or more (Fig.4.7). This is a quite substantial
improvement, since in the potassium doped samples with x = 0.1, a = 420 S/cm for the
sulfur based compound and a = 740 S/cm in the selenium compound. This is the highest

achieved conductivity in pressed powder p-type conductors. The compound promises a
high figure of merit, although the Seebeck coefficient for the highly conductive samples

is low. The estimated thermal conductivity for the "magic" figure of merit of ZT = 4 is
about 110 W/(cm.K), an even lower value than that for BaCu2S2:K compounds.
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Fig.4.7. Transport properties of BaCu2Se2 at room temperature.
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Temperature dependent Seebeck coefficient measurements were carried out on
the undoped n-phase BaCu2S2 and Bai..KCu2S2 with x 0.005, 0.05 and 0.1 (Fig.4.8).

The shown result can be fitted well by eq. 2.18 and Table 4.3 summarizes the fitting
parameters. As the K doping level in BaCu2S2 increases the temperature dependence of

the coefficient becomes very similar to that of metals. This is indicated by the nearly
linear behavior and decreased value of the coefficient of the BaiKCu2S2 samples with
x=0.05 and 0.1, compared to the undoped and lightly doped samples. This is in very good
agreement with the results of temperature dependent conductivity measurements showing

the same trends for these compounds. The temperature dependence can also be modeled

assuming delocalized impurity states, by varying the carrier concentration (increasing
towards lower curves) and an effective mass parameter
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Table 4.3. Fitting parameters A, B, and C for varying K-doping levels in BaCu2S2.

x, K-doping

A, tV/K2

B, j.tV

C, tVI K312

0 (3-phase)

-0.506

-1229

22.4

0.005

-0.244

-492

17.3

0.5

-0.049

-227

8.3

0.1

-0.056

-131

6.7
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Fig.4.8. Temperature dependent Seebeck coefficient of f3-BaCu2S2 and BaiKCu2S2
show increasingly degenerate semiconducting properties with higher potassium doping
level, and agree well with results of temperature dependent conductivity measurements.

4.4. Conclusions

Transport properties of p-type BaCu2S2 and BaCu2Se2 and the effect of K doping

are presented. The low temperature a-BaCu2S2 exhibits the lowest conductivity of

S/cm, with a band gap of

2.3

1.7

eV, and can be converted to -BaCu2S2 with improved

transport properties, but on the expense of an even lower band gap of

1.75

eV. The

density of a pellet is lowered when converted from a- to the p3-phase. 10 at. % potassium
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doping increases the conductivity of the compound by over 2 orders of magnitude to 450

S/cm, always forming the high temperature n-phase. Metallic type behavior is observed

in Ba1KCu2S2 for x>0.005. The values of the Seebeck coefficient and their temperature
dependence for BaCu2S2:K are typical for degenerate semiconductors.

BaCu2Se2 forms only one phase, similar to that of 13-BaCu2S2. The K doping is

found to enhance the transport properties even more than for the sulfide samples. The
highest conductivity (740 S/cm) in p-type pressed powder pellets of Bao,9K0.iCu2Se2 is

reported. BaCu2Se2 has an unusually high Seebeck coefficient in the undoped form and

falls of rather sharply when doped by potassium. Although temperature dependent
transport measurements are not available, the high conductivity and low Seebeck
coefficient of the BaCu2Se2:K are likely to confirm the degenerate semiconducting nature
of the samples.
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Chapter 5. Conclusions and suggestions for further work.

In this work the structural, optical and transport properties of two material
systems are presented and discussed. This includes systematic studies of the effect of
substitutional and interstitial dopants on p-type conductors. The relevance of the study
lies in the possibility of quite precise control of the doping level and determination of its
influence on the properties of the materials.

Substitutional doping of CuScO2 with Mg on the Sc sites to form CuSci..MgO2
with 0<x<0. 15 shows improvement in the conductivity of pressed powder samples up to

the apparent solubility limit of Mg at x = 0.06. As a result the conductivity of the doped

powders can be modulated by more than an order of magnitude up to 1.5.102 S/cm,
compared to 7 1 0 S/cm of the undoped 3R polymorph of CuScO2. A decrease along the

a-lattice parameter axis is also observed with the introduction of the Mg dopant,
presumably leading to a higher overlap of Cu d-band electron orbitals. Increment of Mg

concentration above x = 0.06 leads to decreased conductivity, due to formation of
scattering sites, and an observable Mg residue in the samples.

The advantage of

substitutional doping lies in the minor influence on the absorption spectrum of the
powders, with an unchanged optical band gap of 3.3 eV. The still rather low conductivity

and carrier mobility in CuScl..MgO2 remains a disadvantage towards practical
applications.

Oxygen intercalation

of the CuSciMgO2 pressed

pellets, leading to

incorporation of oxygen atoms on interstitial sites in the Cu layer of the structure and an
expansion along the a-axis, is shown to enhance the transport properties of the samples.
Again the highest conductivity of 0.5 S/cm is observed in CuSco.95Mgo.o5O2+, which also

shows the highest level of intercalated oxygen y = 0.23. It is not understood why the
highest oxidation level occurs in the sample with x = 0.05, which has a lower a-lattice
parameter than, for example, the sample with x = 0.01, in the simultaneous intercalation

process. The formation of two distinct oxidation states of CuScO2 and CuScO2.5 is
observed in the powders, regardless of the presence of Mg.
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The improved conductivity of CuSciMgO2+ is crucial for TCO applications,
but the oxidation process is found to greatly affect the optical properties of CuScO2
towards increased absorption in the visible spectrum. This can be attributed to presence

of a higher carrier concentration in the valence band and broader impurity band
formation, which is the origin of improved transport properties.
Further studies on CuScO2 with dopants other than Mg should be carried out, with

ionic radii close to that of Sc, for example Cu, Ca, Ag, or maybe even by monovalent

cations (Li). The possibility of n-type doping by tetravalent cations (Sn, Fe, Mn, Pd)
would be also interesting. Synthesis of CuScS2 could result in improved conductivity

compared to the oxide, although also likely to decrease the optical band gap of the
material.

Highly conductive p-type BaCu2S2 and BaCu2Se2 are also characterized. Both
compounds exhibit improved transport properties upon potassium doping on the Ba site.

A change from activated to metallic conduction mechanism is observed in BaiKCu2S2
with x

0.025. The highest conductivity of 740 S/cm in Ba09K01Cu2S2 is approaching

the order of magnitude of the commercially used n-type conductors as ZnO and ITO. A

major drawback of this compound is its low band gap of 1.7 eV, which makes it
inapplicable in transparent devices. Furthermore, S/Se based n-type materials have to be
developed for practical applications.

Only the properties of a-BaCu2S2 in the thin film form are reported up to date. It

is possible that the low temperature phase with potassium doping can be stabilized,
leading to higher conductivity, and yet somewhat transparent thin films. Both, BaCu2S2

and BaCu2Se2, can be used in thin film structures not requiring transparency, but rather
high conductivity and work function as solar cell contact material or iLED devices.

The study of BaCu2(S,Se)2 solid solutions can result in materials with high
conductivity and Seebeck coefficient for thermoelectric applications.

Furthermore research of new materials for TC applications is in order. One of

such materials is BaCuSF, with an optical band gap of 3.1 eV and an intrinsic
conductivity of 0.15 S/cm in the thin film form. Better transport properties can be
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obtained by substitutional doping on the Ba site with K. A continuous band gap
modulation can be achieved in BaCu[S, Se, Te]F solid solutions toward lower energies.
It is also found to exhibit light emifting properties under UV irradiation.
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