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1 Introduction

1 Introduction

Transparent conductive oxides (TCOs) have become an inevitable component of
many modern devices such as photovoltaic cells, low-emitting windows, flat
panel displays and other optoelectronic components.!!! But in all these cases the
TCOs only serve as passive transparent front electrodes. This is due to the fact
that all the oxides whose performance is suitable for application show n-type
semiconductivity,?®! the most widespread example being indium tin oxide
(ITO).[AMB) Dye to its extensive use even in mass products like cellular phones
and touch screens the price for ITO is continuously rising, thereby propelling the
search for cheaper alternatives with comparable or even better properties.
However, today’s use of TCOs is strongly limited by the lack of effective p-type
semiconducting TCOs, being necessary for the formation of a transparent p-n-
junction, which is the basic requirement for any truly transparent active elec-
tronic component.[®’”! Since the first report on transparent p-type conductivity
for nickel oxide in 1993!®! several other oxides with conductivity based on holes
instead of electrons have been discovered and their performance has been im-
proved a lot ever since. The work of H. Hosono and his coworkers on copper(I)-
based oxides represents an extraordinary contribution to this development.l°*3!
CuAlO, was the first representative of the oxides crystallizing in the layered
structure of the natural mineral delafossite CuFeO, in the focus of TCO
research,!*¥ but other compositions showed similar potential.l'*! From today’s
point of view these so called delafossites still seem to be the most promising
candidates to fulfill the demands for technical application and mass production.
Yet, commercial processing always has to be flexible and low-cost in purchasing
and operation. Only few of the coating techniques used for delafossite thin film
synthesis suit all of these requirements. Sol-gel processing is a method that is
well established in large scale industrial production, but until today only very few
attempts of genuine sol-gel thin film synthesis of delafossites have been
published.™>]

The current work was supposed to expand the experience of the Fraunhofer
Institute for Silicate Research in the field of sol-gel coating to the processing of
delafossite thin films. Besides optimization of optical transmission and
conductivity also the use of commercially attractive substrates like borosilicate
glass was one of the main aims of the project. Finally the potential of the films
was proven by the fabrication of a p-n-heterojunction with diode characteristics.






2 State of knowledge

2 State of knowledge

2.1 p-type transparent conducting oxides

2.1.1 History

Whereas the first report on a transparent conducting oxide thin film was pub-
lished in 1907 by Badeker!® and the potential of ITO was already discovered by
Rupprecht in 1954, it almost took another 40 years until the first example of a
p-type TCO was reported. In 1993 Sato et al.'®! were able to prove p-type
conductivity of their sputtered nickel oxide films by positive Hall coefficients. But
compared to the n-TCOs available at that time the conductivity and the transmit-
tance of these films, 1.4 x 10" Q cm and 40 %, respectively, were quite low.
One idea to achieve p-type conductivity in transparent oxides was to
overcompensate intrinsic doping in known n-type TCOs by extrinsic doping. An
early example of this approach was published by Lander in 1960.1'"! The plan
was to dope zinc oxide with alkali metals in order to create acceptor levels in the
valence band. The decrease in the conductivity of ZnO with increasing lithium
content could be related to the compensation of intrinsic donor doping by
acceptors introduced by Li. But in fact it turned out that as soon as the acceptor
concentration exceeds a certain level, further donor defects are formed and
preserve n-conductivity. Thus it was impossible to alter ZnO p-conducting by Li-
or Na-doping.

In 1997 a different way of p-type doping in ZnO was successful for the first time.
By adding ammonia to their carrier gas during ZnO film synthesis Minegishi et al.
were able to replace some of the O* ions by N*, thereby achieving p-type
conductivity.?™ But the subsequent enthusiasm ebbed away as the results turned
out to be hardly reproducible and the long-term experiments revealed the
instability of the nitrogen doping.”*! Soon the use of nitrogen’s higher
equivalents phosphorus??! and arsenic?®! also had been tested, and in contrast to
P the As-doped thin films showed encouraging results. Nevertheless they are still
far from applicability because at the moment their deposition is restricted to PLD
on textured substrates.!!

The main reason for the late discovery of p-TCOs lies in their basic conduction
mechanism. In n-TCOs charge carriers have to be generated in the conduction
band, which consists of spherical metal s orbitals in most metal oxides. Electrons
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in these spatially widespread orbitals only have small effective masses, which
leads to a high electron mobility and thus to a possibly high n-type
semiconductivity. In contrast to this the charge carriers for p-type semi-
conductivity need to be created in the valence band of the oxide, which is usually
made up of the oxygen’s p orbitals. Due to the large difference between the
electronegativity of most metals and oxygen the related metal oxides possess a
considerable ionic character, resulting in a strong localisation of the valence band
to the oxygen atoms. This restricts the mobility of the charge carriers within this
band and inhibits p-type conductivity in most metal oxides.P}[10}1131[24]

Following these considerations, Hosono et al. suggested decreasing the ionicity
of the metal-oxygen bondings by the use of metal cations whose energy levels of
their highest occupied orbital are close to the 2p orbitals of oxygen. This might
lead to a better interaction of the orbitals to achieve a certain degree of
covalency and charge carriers in the resulting less located valence band might
have a higher mobility than in ionic metal oxides. This approach is called
“chemical modulation of the valence band”.’*!% Especially d-block elements of
period 4 and 5 are suited best to develop covalent interactions with oxygen.™®
The second demand made by Hosono for the selection of suitable cations
concerns their optical properties. In order to avoid coloration caused by intraionic
absorptions, all involved ions are supposed to have a closed shell electron
configuration. This requirement disqualifies most transition metals, whose ions
possess partially filled d shells, potentially leading to strongly coloured oxides due
to d-d transitions. Only few ions remain as the intersection of both demands,
having d'°%° configuration: Cu®, Zn**, Ga**, Ge** and As’* with configuration
3d'%4s’ and Ag*, Cd**, In**, Sn** and Sb>* with configuration 4d'°5s°.l"%! Several
oxides based on these ions are well-known n-TCOs, amongst others ITO and
aluminum-doped zinc oxide.

The electrons of Cu* possess the lowest energy level of all ions with d'°s°
configuration, thus Cu® is able to form the most covalent bondings to
oxygen.ltA[251126] Bt even though cuprous oxide fulfills both demands, it is not a
p-type TCO. The band gap of this p-type semiconductor is only 2.17 eV,?”! resul-
ting in a deep red color. The mechanism causing these absorptions in the blue
and green region of the visible spectrum is assumed to derive from so called d*°-
d' interactions of the Cu* ions.*®! One explanation for these interactions is that
despite their closed shell character the 3d orbitals of Cu™ mix with the 4s and 4p
orbitals, thereby creating a weakly attractive interaction (figure 2.1).12811%
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Figure 2.1: Energy level of the d block of two interacting Cu* ions. At left are
the results of a calculation with 3d orbitals alone; at right are
results for 3d along with 4s and 4p on each center. Mixing of the
orbitals leads to a significant decrease of the ¢ and ¢" orbitals’

energy (reproduced from [28] with permission from the American
Chemical Society).

This description of the d'°-d™ interactions can also be transferred to the

interaction of linear O*-Cu*-0% units (figure 2.2), being characteristic for most
copper(I) based oxides.*!

Figure 2.2: Orbital interaction diagram of the d block for two parallel [0-Cu-O]*

fragments (reproduced from [25] with permission from the
American Chemical Society).
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As the 3d orbitals are the main constituents of the valence band of copper(I)
oxides, changes in their energy level also affect the band gap of the respective
oxide and may cause absorptions in the visible range. Therefore Hosono and
coworkers suggested to lower the influence of these interactions by limiting them
dimensionally.[*''1*3] In cuprous oxide every copper ion is surrounded by twelve
closest neighbours, forming a three-dimensional network with strong interplay of
the units.”® By contrast the [0-Cu-O]* fragments in mixed oxides can be
arranged in angulate chains as in SrCu,O, or in parallel planes as in CuAlO,.
Thereby the d'°-d™ interactions get restricted to one and two dimensions,
respectively, resulting in a larger band gap. Actually Hosono and coworkers were
able to prove p-type conductivity in CuAlO, thin films in 19973 and SrCu,0, thin
films in 19984, both exhibiting respectable transmittance, exceeding 40 % and
65 % in the visible range, respectively. On the other hand, theoretical
calculations revealed indications that the d'°-d' interactions in copper-based
ternary oxides might be negligible.!>"’

Nevertheless, the publications of Hosono led to a huge impetus to research on
mixed copper oxides and oxides with delafossite structure. In the course of this
enthusiasm p-type conductivity paired with reasonable transmittance was proven
for several other delafossite compositions, e. g. CuGa0,34, CuyO,**3%) and
AgCo0,™”! (see also chapter 2.2.2). In order to achieve an even higher degree of
covalency in the bonds between the copper(I) ions and the participating cations
half of the oxygen in the delafossite CulLaO, was replaced by other
chalkogenides, especially sulphur. The resulting oxysulfide LaCuOS consists of
alternating layers of CuS and LaO and indeed exhibits an improved mobility of
the charge carriers,*® along with a transmittance comparable to delafossite thin
films. 12112

The latest successful attempt to establish a new p-TCO is based on a completely
different consideration. In ZnRh,042M and ZnIr,04*" the rhodium(III) and
iridium(III) ions are coordinated octahedrally by oxygen, causing a ligand field
splitting Ao of the 4d- and 5d-bands, respectively. Due to the magnitude of Ao
only the lower of the two resulting energy levels is occupied by the six valence
electrons of Rh** and Ir**, resulting in a so called “low spin” configuration (see
figure 2.3).[%%
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Figure 2.3: Energy split Ao of the 4d orbitals of Rh®** in octahedral coordination.
In the low spin configuration only the t,5 subset is occupied.

As stated earlier, d orbitals of transition metals are best prepared to create a
valence band with high charge carrier mobility because of their strong interaction
with the 2p orbitals of oxygen. In the case of Rh’* and Ir’* the t,, subset
becomes the fully occupied valence band of the oxide, whereas e4 acts as the
empty conduction band. Thus the band gap equals the ligand field splitting Ao,
which is 2.7 eV for ZnRh,0, and 3.0 eV for ZnIr,0,.1"”) These values are close to
the 3.1 eV demanded earlier for optical transparency.

2.1.2 Top performances

Since their discovery the performance of most p-type TCOs has been vastly
improved by optimization of the processing parameters and by addition of
extrinsic dopants. As the optical properties are determined by the host oxide,
dopants mainly affect the conductivity of the system. This is primarily due to an
increased charge carrier concentration, but in some cases those extrinsic carriers
also can have a higher mobility than the intrinsic ones of the oxide. Dopants
create an additional energy level within the band gap and thereby can enable
absorptions in the visible range. Thus excessive doping impairs the optical
transmittance of TCOs and the compromise between conductivity and
transmittance always has to be adjusted to the individual oxide and its later
application.

The values of nitrogen-doped p-type ZnO nowadays can achieve a level of about
102 Q cm at 80 % transmittance in the visible range!*t, not only by vacuum-
based technologies like molecular beam epitaxy!*? or radiofrequency magnetron

sputtering!®!, but even by wet chemistry!***. This represents an impressive
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progress since the first report on N-doped ZnO in 1997 with 100 Q cm. But the
major obstacles towards application of this system remain the reproducibility and
the long-term stabillity of its performance.’?! The results for As-doping seem to
be more reliable, p<10'Qcm and Ty =80% are technically feasible by
magnetron sputtering™” or pulsed laser depositiont*®*’], Even lower resistivities
are still limited to intransparent gallium arsenide substrates,23}5"]

Thin films of SrCu,0, also possess resistivities in the dimension of 10* Q cm
combined with Ty =60 % at film thicknesses of 100 nm.[M24BU A pig
advantage of this oxide is its low processing temperature of 350 °C,**51 which
is suitable for all kinds of glass substrates. Unfortunately this is accompanied by
a serious drawback. SrCu,0, readily hydrolyses in an exothermic reaction and
thus is very sensitive to air moisture.l**

Not only because of the TCO aspirations has the variety of oxides with delafossite
structure become innumerable within the last two decades (see chapter 2.2.2).
But irrespective of their composition they all suffer from a general problem that
limits the repertory of possible substrates. For the crystallisation of the
delafossite phase temperatures of at least 700 °C are almost inevitable, even for
flms deposited by pulsed laser deposition.”® Hence the substrate has to
withstand this temperature either during film deposition or during a separate
annealing step, which disqualifies most cheap materials like soda lime glass.
Reports on delafossite thin film synthesis at lower temperatures are very rare.l>¥

CuAlQ, is the most intensively studied “delafossite” for TCO application. Pulsed
laser deposition yielded the presumably best compromise with Ty > 70 % and
p=33Qcm at a layer thickness of 230 nmP*, but as transmittance and
resistivity behave analogous it is only possible to increase or to lower the two
values concurrently. Thus transmittances up to 80 % (p = 13 Q cm)P! and
resistivities as low as 0.50 @ cm (T = 40 %)™® have been published for CuAlO,
thin films deposited by sputtering and chemical vapour deposition, respectively.
Further examples are given in chapter 2.2.2.

Several other delafossite compostitions like CuGaO,, CuScO, and CuYO, also
showed remarkable transmittance in thin films and are much easier to dope
extrinsically (see also chapter 2.2.3), for instance Mg-doped CuCrO, still holds
the record for lowest resistivity with 4.5x102 Q cm (T = 35 %).’”) But again
lower resistivity is attended by low transmittance. Accordingly Ca-doped CuYO,
with Ty = 50 % and p = 1.0 Q@ cm (film thickness 250 nm)i**! as well as oxygen
doped CuScO, with Ty > 65 % and p = 1.0 Q@ cm (film thickness 310 nm)*®! can
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be regarded as the top representatives of the various oxides with delafossite
structure aspiring for TCO application (see chapter 2.2.2).5!

The recent contenders for this use, ZnRh,O, and ZnlIr,0,, still suffer from their
small bandgaps, which are an important reason for their limited optical
transmittance of 55 % and 59 %, respectively (film thickness = 100 nm). The
resistivities of 0.36 Qcm and 0.29 Q cm, though, are quite promising, in
particular due to the fact that these films are not yet doped extrinsically. Hence
further improvement of these values can be expected.!*"]

2.1.3 Possible applications

It is very unlikely that any p-TCO can ever compete with the performance of
transparent n-type semiconductor oxides like ITO. Therefore they are never
going to be used in today’s typical TCO applications like front contacts in flat
panel displays and organic light emitting diodes where TCOs are simply used as
transparent electrodes and transparent conductors. The reason for the current
intense research for efficient p-TCOs is that they are a prerequisite for the
formation of a transparent p-n-junction, which is the key to any transparent
active semiconductor component based on oxide materials. 2} 3119101

The first step to prove the proper operation of such a junction is to confirm its
diode characteristics. Several examples of such simple transparent diodes have
been published, either realized as heterojunctions with two completely different
oxide layers,®1%03] for example p-type SrCu,O, and n-type ZnO™®! or p-type
CuYO, and n-type ITO,’®”! or as homojunctions based on an oxide with an n-
doped and a p-doped zone.*®%] Since the band gap of such a junction must be
larger than 3.1 eV, it can also be used as an UV light emitting diode when being
excited properly to cause electroluminescence.['%1%971] New semiconductive oxide
phosphors can be obtained by tuning these emissions of the p-TCOs with
dopants like rare-earth cations.!’

Of course the same effect can be used backwards. Absorbing the UV part of the
solar spectrum, the transparent p-n-junction can also work as a transparent
photovoltaic cell.®*"”3] However, the share of UV radiation that reaches the
earth’s surface is rather small and hence only low current yields can be expected
from such transparent cells in terrestrial applications. Nevertheless, transparent
p-type semiconductors could contribute to the improvement of the performance
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of photovoltaic cells, either as components of tandem cells or as collectors in
dye-sensitized solar cells./’"

The next step beyond the “simple” p-n-junction would be the construction of
transparent unipolar or bipolar transistors. Several ideas and concepts have
already been patented,””” but none of them has been realized so far. From
transistors it would be only another small step to extend them to multifunctional
integrated circuits, providing a whole variety of active components for the
manufacturing of invisible electronics. The possible applications would be
versatile, starting off with completely transparent and thus energy-saving flat-
panel displays, including amplifiers and electronic memories and leading to

devices not even invented yet.[®!

2.2 Delafossite type oxides

2.2.1 The mineral Delafossite

The mineral delafossite, named after the French mineralogist G. Delafosse, was
discovered by Friedel in 1873 in the Yekaterinburg district.””®! Interpeting the
results of his dissolution experiments with sulphuric acid, Friedel concluded
delafossite to be cuprous ferrite Cu'Fe™0,. Several decades later the mineral
delafossite also was identified as a component in copper ores from Arizonal’”}
and Nevadal’®, occuring as a black metallic mineral with spherulitic aggregates.
CuFeO, was synthesized for the first time by Soller et al.”®! in 1935 as a by-
product in a simple solid-state reaction, and later on their material was proven to
be identical with the natural mineral by X-ray diffraction by Pabst.[®"

Despite all earlier evidence, doubts were casted on the composition of delafossite
by Buist et al. in 1966.5Y From their gravimetric experiments and sintering of
different ratios of CuO and Fe,0s they concluded that delafossite might have the
composition Cu'sFe"Fe™,0;, since they were not able to synthesize phase pure
CuFe0O,. But immediately thereafter the doubts about the exact stoichiometry
were ruled out by chemical analysis!® and Méssbauer spectroscopy®!® and it
was confirmed to be Cu'Fe™0,.

A second natural mineral with the delafossite structure was discovered over a
hundred years later than the eponymous material. The compound cuprous
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chromite, Cu'Cr™O,, found in Guyana 1976, was named Mcconnellite after the
British geologist R. B. McConnell.®!

The so called delafossite structure of binary oxides with the general formula
AMO, is characterized by linear coordination of the monovalent A* cations by 0>
anions and octahedral coordination of the trivalent M** cations by O anions
(see figure 2.4a). Together with the complementary pseudo-tetrahedral
coordination of the O* ions by three M** ions and one A" ion this results in two
distinct structural units: Edge-sharing MOg octahedra, forming a flat layer, and
parallel oriented O-Cu-O dumbbells linking them, resulting in a triangular pattern

of A* ions (see figure 2.4b).1'
i gﬂ

Eﬁj il

a) b)

Figure 2.4: a) Linear coordination of the A* cations (red) and octahedral
coordination of the M*' cations (green) by oxygen (blue) in the
delafossite structure (reproduced from [14] with permission from
Elsevier). b) Arrangemet of the structural units in the delafossite
crystal lattice (reproduced from [86] with permission from Elsevier).

These double layers of MOg octahedra and A" ions can be stacked in two
different orders, forming two different polytypes (see figure 2.5) of delafossite. If
they follow the order 1-2-1-2, with the third one being placed congruently to the
first one (figure 2.5b), the unit cell exhibits P6s/mmc space group symmetry (2H
polytype). Alternativley the double layers can be arranged in the order 1-2-3-1
(figure 2.5a), resulting in R3m space group symmetry (3R polytype).
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Figure 2.5: Stacking sequences in the two polytypes of delafossite crystal
structure. The crystal lattices of 3R polytype (figure 2.5a, left) and
2H polytype (figure 2.5b, right) are shown. The lattice parameters a
and c of the corresponding unit cells are indicated (reproduced from
[14] with permission from Elsevier).

In almost all known ternary oxides with delafossite structure the 3R polytype is
preferred, only few are able to crystallize in 24 polytype.l'¥81 Special
experimental conditions may enable the formation or improve the yield of 2+
polytype, 1) byt it is almost impossible to crystallize it phase-pure.”® In
quaternary oxides (see section 2.2.2) the situation is a little different, the
stacking strongly depends on the cation composition. The ionic radii r of the
cations A and M also determine the lattice parameters a and c of the delafossite
structure, with a and c almost exclusively depending on r(M**) and r(A"),
respectively, /%1

2.2.2 Known oxide compositions and processing thereof

So far only four cations are known that are able to occupy the linearly
coordinated A" positions in the delafossite crystal lattice. Usually these are Cu®*
and Ag*, but in rare cases it can also be Pd* %! and Pt* %l Since the
resulting electron configuration d° is absolutely extraordinary for palladium and
platinum, the oxitation state +I for these two is only formal.®* Nevertheless, this
exceptional electron cofiguration is the cause for the metallic conductivity of
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platinum- and palladium-based oxides with delafossite structure, which is
moreover strongly anisotropic.”*'* Due to the nobility of platin and palladium
the synthesis of their delafossites is rather tricky, special techniques like
hydrothermal conditions or metathesis reactions have to be applied.® So far
only four compounds are known: PtCoO,, PdCoO,, PdCrO, and PdRhO, (see
figure 2.6).[141193:9%]

In contrast to this the additional electron in Ag® and Cu® fills the d level
completely and turns their delafossites semiconductive. Furthermore, the d*°
configuration disables coloration caused by d-d transitions, making these oxides
potential p-TCOs (see section 2.1.1). The sort of octahedrally coordinated M**
ions in CuMO, delafossites can be chosen from a great variety of elements,
ranging from small B>* (r=0.27 )% to large La** (r = 1.03 A).” The
assortment for AgMO, is comparably large, as can be seen in figure 2.6.

n(A)

0.6 0.8 1.0
+ | ' ——0.7
Ag-{ es0 ® oo * o °
Pt’: | ;
pi| ® e o 0.6,:;
F 0.5 ~
Cu- e ®eeo e o oe o

Figure 2.6: Known ternary oxide compositions with delafossite structure and
radii of the involved ions A* in linear coordination and M** in
octahedral coordination. CuBO, is missing in this chart (adapted
from [14] and [95] with permission from Elsevier and the American
Chemical Society).

I** with an ionic radius of

Up to now the largest M** ion in AgMO, delafossites is T
0.885 A, which is significantly smaller than the lanthanide ions suitable for
CuMO,."]

Beside these ternary oxides and non-stoichiometric doped versions thereof also
quaternary oxides exhibiting delafossite structure have been synthesized. In
those cases the A" position is still reserved to copper and silver, whereas the M-
site is occupied by two different elements M’ and M”. The main precondition
these two cations have to fulfill is that the average charge per ion has to be +3.
Such charge compensated pairs can consist of a variable ratio of M">* and M”3*,

resulting in the delafossite AM';,M",0,. In most cases the scope of such studies
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was to modify the electrical, optical or magnetic properties of the delafossite to a
compromise between the two mother systems AM'O, and AM”0..[**! For this
purpose the systems CuAl;.,Co,0, P8, CuAl,Cr,0, P81 CuAl,Fe0, (811100-106]
CuAl;,Ga0, ', CuAl,,Rh0O, "%, CuCry,Rh,0, 1'%, CuFe;,Ga,0, %10 and
CulagsYos0, M have been studied.

Moreover, quaternary delafossites also may contain trifoldly charged cations
which are not able to form a ternary oxide with delafossite structure. The strong
Jahn-Teller effect, caused by the electron configuration d* high spin of the Mn**
ions, induces distortions that make CuMnO, crystallize in the crednerite structure
instead of the delafossite structure. Nevertheless, it is possible to replace up to
one fifth of the AP* ions in CuAlO, by manganese.’®}!!?] In this manner also
vanadium can partially replace Al, Cr, Fe or Ga in the corresponding copper-
based delafossite, resulting in the compositions CuAl;.V,O, (only calculated)®®,
CuCry1. V0, (131 CuFe . V,0, 113114 and CuGay., V0, M3MH5] with x even up to
0.67. Moreover, Gadolinium is able to substitute more than 80 % of lanthanum in
CuLaO, without formation of any impurities detectable by XRD.[!*®! The analog
partial substitution of aluminum in CuAlO, by nickel was only investigated
theoretically.®

If divalent cations are supposed to partially occupy the M position in the
delafossite lattice, then the missing charge has to be compensated by a second
cation of higher valence. So far two different stoichiometries with M’** have been
realized: AM’?*)¢,M”>*( 330, and AM’**sM” *(50,. The M"*" ions can either be
tin or titania, mixed with divalent cobalt!!*"V!18] nickell!!7 18] or even copper.!**!
In the last case copper participates in two different states of oxidation, +1I in the
A site and +II in the M site. With pentavalent Sb cations the compositions
AgNig 675330, AgZng 675D 330, CuCoy,67Sbg 330, CuMgy.675b0.330,,
CuMnge,Sbg 3305,  CuNigs;Sbe330,  and CuZnye,Sbp330, have  been
synthesized.?”"11%1 Attempts to synthesize quaternary oxides with monovalent
cations in the M position have been unsuccessful.[**!

The simplest way to synthesize oxides with delafossite structure is via solid state
reaction. Even though not practical for Ag-, Pd- and Pt-based oxides, a variety of
copper-based delafossites has been synthesized by this method. Simple inorganic
precursors like metal oxides!™®2123] = carbonates!!*!!, hydroxides!'?*}!2¢! or
nitrates*?”1%] are mixed properly by grinding, occasionally pressed together and
finally subjected to thermal annealing steps in various atmospheres. In table 2.1
the different copper-based ternary oxides obtainable by solid state reaction are
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listed. Reoxidation according to the thermodynamical equilibrium is prevented by
quenching the samples right after the thermal annealing™” or by cooling them
down in an inert gas atmosphere.

The formation temperature of copper-based and silver-based delafossites can be
lowered significantly by applying hydrothermal conditions. This means that
inorganic copper and silver precursors like oxides®VP2IO7LISL o pitrates!!3?]
react with the appropriate sesquioxides, oxide hydroxides, trihydroxides or
nitrates of M** in an aqueous medium at high pressure (up to 3000 atm) and
elevated temperature (see table 2.1) in a sealed vessel. In most cases a catalytic
amount of alkali is necessary to enable high yields,® % and if copper(II)
precursors are used, then a reducing agent has to be added.*3!1!32
Hydrothermal synthesis of several copper-based delafossites has been described
(see table 2.1).

Most of the M** ions that are suitable for delafossites also form mixed oxides
with lithium or other alkali ions of the stoichiometry LiMO,. Since this composition
is rather close to the delafossite, the replacement of the alkaline ion can be
carried out at moderate conditions (see table 2.1) by reaction with a noble metal
halide (e.g. chloride) according to the equation

LiMO; + CuCl = CuMO; + LiCl

The driving force of this reaction is the high formation energy of the alkali halide,
which is highly soluble and thus can easily get leached out from the reaction
product by rinsing with water. This method is not only suitable for copper-based
delafossites like CuAIO,***!, CulnO,3*M!35] and CuScO,FF7MI36] hyt it is also
the most common way to synthesize delafossites containing Pd® and Pt'.
Nevertheless, it fails in the case of silver based delafossites because of the
stability of silver halides.[°*

For the growth of large delafossite single crystals another method proved its
potential. By the addition of a third component like potassium chloride,®”]
potassium nitride® or lead oxide®®3] a mixture with a low melting point is
created. The delafossite precursors are usually the binary oxides.!®”V88137] Atter
the formation of the delafossite crystals in the oxidizing flux at elevated
temperatures (see table 2.1) the mixture is cooled down and the flux component
is removed by rinsing with aqueous inorganic acids or alkali.®” 8! This method is
also suitable for silver based delafossites.!*
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Table 2.1:  Synthesis methods for ternary copper-based oxides with delafossite
structure. Accessible oxide compositions and process temperatures
and atmospheres are given.

Synthesis method Oxide Process Atmosphere References
composition temperature [°C]
CuAlO, 1050 / 1200 Vacuum / air [126],[130]
CuCrO, 1000 / 1200 Air [123],[138]
CuEu0, 900 Argon / vacuum  [116],[139]
CuFeO, 900 Argon [91],[122]
. . CuGa0, 900 / 1050 Vacuum / argon  [124],[126]
Solid state reaction CuLa0, 900 / 1000 Argon / vacuum  [125],[139]
CuNdO, 900 Argon / vacuum  [116],[139]
CuPrO, 900 Argon / vacuum  [116],[139]
CuSmO, 900 Argon / vacuum  [116],[139]
CuYO, 940 / 1050 Vaccum / Air [90],[140]
CuAlO, 210/ 500 340 atm / 3000 atm  [89],[92]
CuCo0;, 210/ 700 340 atm / 3000 atm  [89],[92]
CuCrO, 210 340 atm [89]
Hydrothermal CuFeO, 210/ 700 340 atm / 3000 atm  [89],[92]
reaction CuGa0, 210/ 500 340 atm / 3000 atm  [89],[92]
CuLaO, 215 10 atm [131]
CuRhO, 210/ 700 340 atm / 3000 atm  [89],[92]
CuScO, 210 340 atm [89]
CuAlO, 150 / 475 Air / vaccum [133],[141]
Ion exchange / CuCo0, ~430 Air [142]
metathesis CulnO, 550 / 600 Argon / vaccum [87],[136]
CuScO, 555 / 650 Vacuum / air [117],[136]
CuAlO, 900 / 950 Air [88],[137]
Oxidizing flux CuGao, 800 / 930 Vaccum / air [87],[137]
CuScO, 980 Air [137]

Only few of the oxides with delafossite structure have also successfully been

deposited as phase pure thin films on planar substrates. Since the substrate also

has to endure the temperature during synthesis or post-deposition annealing, the

repertory of substrate materials, especially of transparent ones, is fairly

restricted. Hence the delafossite thin films have often been deposited on
sapphire,[***] yttria-stabilized zirconia,>*'%8119] fysed silical**'1**-1>2! or even

single-crystal quartz plates.!***

Sintered polycrystalline targets can be evaporated by a high power laser pulse in

order to precipitate on a substrate surface, resulting in a homogeneous thin film.

This so called pulsed laser deposition (PLD) represents the coating technique
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with the least demands on substrate stability, temperatures between 300 °C and
700 °C can be sufficient to obtain phase pure delafossite films,** e.g. copper
aluminum oxide, 531311461 copper indium oxide* M5 and copper scandium
oxide.PBII47IU54 Dye to the restrictions concerning substrate size, pulsed laser
deposition is far from industrial applicability. Nevertheless, it provides high
quality films and thus can be used as a proof of principle approach in order to
investigate the ultimate capabilities of new material compositions.[**115%]

Besides pulsed laser deposition, a second category of physical vapor deposition
techniques is used frequently for delafossites: plasma sputtering. The target
material, which can be metallic or ceramic, gets evaporated by an argon plasma.
If an oxide thin film is supposed to accrue from metallic precursors, traces of
oxygen have to be added to the sputtering atmosphere and have to be controlled
strictly. This is called “reactive sputtering”, and it avoids charge build-up on the
targets by their metallic conductivity. Thin films of copper aluminum oxide have
been deposited by this method.[!#4}1156-158]

Charging is the major disadvantage of insulating ceramic targets, since it causes
plasma interruptions and thereby debases the film homogeneity. But it is also
possible to damp this effect down by the use of alternating current, which is
called “radio frequency sputtering”. This technique has been used for the
deposition of  CuAlO,[**M0  cucro,*”),  CuFeQ,!*®1M82  CuGa0,1*¥,
Cu3Sbg.oSng.1Ni:Og™M ! and CuScO,*>2M83! thin films. The corresponding ceramic
targets have to be synthesized by one of the methods for delafossite powder
synthesis mentioned above and subsequent sintering and pellet pressing.

Chemical approaches to delafossite thin film deposition are quite rare. Al(Acac)s,
Cr(Acac); and Cu(Acac); can be evaporated at low pressure without
decomposition. This provides the possibility to process thin films of
CuAIQ,PeMIS3LI] and  CuCrO,!*®! via chemical vapor deposition, where the
gaseous precursors are pyrolyzed on the hot substrate surface. Spray pyrolysis is
a cognate technique, which only requires solubility of proper precursors. The
resulting solution is pyrolyzed by spraying on the hot substrate surface. Thin
films of CuAlO,[**®*%7] and CuCrO,!!**M'68! have been successfully grown in this
manner.

Sol-gel coating is another popular wet-chemical approach towards oxide thin film
synthesis, which has proven its capability in several industrial applications (see
section 2.3). But up to now only very few attempts for the genuine sol-gel
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deposition of oxides with delafossite structure have been published. Tsuboi et al.
were able to prepare thin films of CuYO, by dip-coating of a water-based sol
containing copper nitrate and yttrium nitrate. But even sintering in inert gas
atmosphere at 1050 °C did not result in the formation of phase pure delafossite
films.™*>! Tonooka et al. compared various soluble precursors for their synthesis of
copper aluminum oxide. In their experiments copper nitrate and aluminum
nitrate provided for higher phase purity of the resulting oxide films than
organometallic precursors.'””? A similar comparison of inorganic and
organometallic precursors has been published by Wang et al. for the sol-gel
processing of CuCrO, thin films.[***! In contrast to this Ohashi et al. relied on their
choice of copper(II) acetate and aluminum sec-butoxide, but phase-pure
delafossite films could only be obtained with strong deviations from the ideal
stoichiometry and with worse performance than the stoichiometric films.!*®! Table
2.2 gives a comparative overview of the copper aluminum oxide films deposited
by the different coating methods introduced here.

Table 2.2:  Overview of the optical and electrical properties of CuAlO, thin films
synthesized by various coating techniques.

Coating technique  Thickness T p Seebeck coefficient Reference
[nm] [%] [Qcm] sl
Pulsed laser deposition 230 70 3.30 +214 [53]
Reactive sputtering 500 85 4.55 +115 [3],[54]
Radio frequency 5, 65 120  Notavailable [159]
sputtering
Chemical vapor 250 30 050  Notavailable [56]
eposition
Spray pyrolysis 1000 65 - Not available [167]

Sol-gel coating 1100 - 260 Not available [16]




2.2 Delafossite type oxides

2.2.3 Conduction mechanism and doping

Although intensively studied, the charge carrier generation, the conduction
mechanism and the conduction pathway of oxides with delafossite structure still
are controvercial subjects. Theoretical calculations reveal that the valence band
of copper-based oxides with delafossite structure is dominated by the copper 3d
states, accompanied by a significant contribution of the oxygen 2p states (see
figure 2.7).[88M170017 Therefore, a good overlap of the Cu 3d orbitals is regarded
as the prerequisite for low resistivity in CuMO, delafossite compounds. According
to these considerations large M** ions or large dopants may cause lattice
expansion and thereby decrease the copper interactions, which should lead to
higher resistivity of the materials.l!**}{'72! At the same time an increasing distance
of the copper atoms leads to a wider bandgap and an increased activation
energy E, for electrical conductivity.[2>/173:176]

Total Alx15 Cu Ox3
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Figure 2.7: Atomic orbital projections of the density of states obtained for
CuAlO,. Ef denotes the Fermi level, the contributions of aluminum
and oxygen have been magnified by the factor mentioned at the
top (reproduced from [170] with permission from the American
Chemical Society).

Strong evidence for this conduction pathway represents the fact that delafossite
single crystals possess anisotropic electrical conductivity.P*771178] 1 [aminar
crystals of CuAlO, the conductivity perpendicular to the ¢ axis (compare figure
2.5) was higher than along the c axis more than 25 times, and the activation
energy for conduction perpendicular to the c axis was significantly lower. Hence
the close-packed Cu* layers in the a-b plane seem to be the main conduction
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path.l'”?) However, it is possible to decrease the resistivity of the compound
CuRhO, by Mg doping by several orders of magnitude,™®”! which was attributed
to a second conducting path in the doped RhO, layers.!8!]

Temperature-dependend resistivity measurements suggest that there might be a
change in the kind of conduction mechanism of delafossites. Kawazoe et al.
observed a temperature dependence of the conductivity of their films to the
power of -%4 below 200 K, which was interpreted as a hint to the dominance of
the variable range hopping mechanism in this temperature range.l'® Similar
observations were also made by other groups.!®®M'°1 This conduction
mechanism is based on hops of the charge carriers not only between
neighbouring lattice sites, but also on larger distance. Therefore, the average
hopping distance of variable range hopping exceeds the distance between
adjacent potential localisations of the charge carriers.['8%

By contrast, Ingram et al. observed an almost constant thermopower
accompanied by thermally activated conductivity in their high temperature
measurements around 1000 K. From these results it was concluded that only the
carrier mobility was activated thermally, but not the carrier content, which is
indicative of small polaron conduction.[*®¥ This means that not only the charge
carrier, but also the lattice distortions surrounding and stabilizing it in a lower
potential are moving through the crystal lattice. Since small polarons are strongly
localized states, their hopping becomes more likely when temperature-
dependend lattice vibrations occasionally create matching distortions in their
proximity.*®" Hence small polaron conduction shows a conventional thermally
activated behaviour. The transition between the two mechanisms seems to be
completed at room temperature.['**}183] Additionally, Ex for hopping also depends
on the distance of the copper ions, which is mirrored in the unit cell parameter a.
This parameter is determined by the size of the cation M>*,[18]

The conductivity values obtainable by small polaron hopping are strongly limited
by the low mobility of the small polarons, which is below 1 cm?Vs. This
drawback cannot be compensated by increasing the carrier density by doping
and would limit the resistivities of delafossites to values above 0.067 & cm.[8¢!
Nevertheless, there is still hope to overcome these limitations by the help of a
third conduction mechanism or by a modified small polaron conduction because
mobility and conductivity values exceeding the afore mentioned limitations have
already been published.[3M5716LI16SLIS7LI88] Opa hint in this direction might also
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be the report of Warren et al.['*”!, who stated that in their CuYO, samples only
the charge carrier concentration was thermally activated, whereas the carrier
mobility was independend of temperature, which is completely opposing the

results and conclusions of Ingram et al.[*83}1185]

Even undoped CuMO, delafossites show p-type semiconductivity, so there must
be at least one type of intrinsic defect that generates holes. In the literature
different possibilites have been discussed. In the first papers about the TCO
applications of delafossites either oxygen interstitials™®! or copper
vacanciest*3 %119 were regarded as the most probable defects, which was also
confirmed by theoretical calculations.!71921193] For the sake of charge
neutrality of the whole oxide system these defects would have to be
compensated by positively charged holes. Exact studies of the dependance of the
resistivity on the oxygen content and the cation ratio in CuAlO, gave evidence for
the existence of an associate between an M** ion occupying a Cu* site and two
interstitial oxygen atoms. This whole associate would create two holes for the p-
conductivity.®?V18! Oxygen interstitials seem to be the relevant defects in CuMO,
delafossites with M3* ions who at least got the radius of Sc®* 3¢, in which the
formation of anti-site disorder (M** at a Cu* site) is very unlikely due to the
consideralbe difference in the size of the cations.[*®’!

However, all these defects represent deviations from the ideal delafossite
stoichiometry CuMO, and depend on the individual synthesis conditions like
oxygen partial pressure.®'* Hence it was attempted to increase the defect
concentration by altering the ratio of the cations Cu* and M3+ 115311571 6711195] &
by post-annealing in an oxygen-rich atmosphere at elevated
temperatures, P87 1%II97] Tragtment in oxygen-rich atmosphere always carries
the inherent danger of oxidizing the copper(I) ions and thereby generating the
thermodynamically more stable phases CuM,04, CuO or, for larger M** ions,
Cu,M,0:s, following the equations

2 CuMO, + 2 0, = CuM,0, + CuQ 17!
2 CuMO; + 2 O, = Cu;M,05

But if the annealing conditions are chosen properly, it is possible to intercalate
oxygen in the delafossite lattices of CuFeQ,[!8#1%8119]  cyInE,20,
CuLa02[201-203]l CUSC02[37]'[152]'[154]'[163] and CUYOZ[I%],[201],[203],[204] WlthOUt
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formation of impurity phases. This leads to an increased conductivity at the
expense of their optical transmission.®8t52111%] In contrast to this no oxygen
intercalation could be obtained for CuCrO,, which has a rather small lattice
size.*®! The oxygen uptake in CuAlO,, which has even smaller lattice constants,
seems to be quite low, but still has an influence on the resistivity of this
material.P?{1771205] | ee et al. even reported that no additional oxygen could be
included in their CuAlO, single crystals without decomposition,!!’”®! whereas
Banerjee et al. could prove an oxygen excess of up to 12 atom-% over
stoichiometric value. So, aside from the crystal lattice dimensions, the synthesis
conditions of the delafossites may play a role in this post-annealing step.!*®
Enhancements in the electrical performance could also be achieved by the closely
related extrinsic doping with nitrogen. For example, nitrogen atoms have been
incorporated into crystalline CuAlO, by addition of nitrogen to the reactive
sputtering atmosphere. Occupying interstitial lattice positions, each nitrogen
atom contributes three holes to the p-type conductivity.!**®]

A much more frequently used possibility to dope p-conductive delafossites
extrinsically is by partial replacement of the trivalent M** ion by a divalent one.
The easiest way to obtain such doped oxides is to use a slight copper excess,
which leads to the substitution of M** by Cu?*.l'! An important criterion to
choose other X** dopants is their ionic radius, which has to be close to the M**
ion. As mentioned above, larger ions cause lattice expansion and thereby
decrease the essential overlap between the Cu 3d orbitals.'’ Hence it is rather
difficult to dope CuAlO, in this manner.””! Table 2.3 gives an overview of the

dopants examined so far for the different delafossite compositions.
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Table 2.3:  Overview of the extrinsic divalent dopants examined in copper-
based delafossites.
Delafossite compound Dopant p Intended Reference
[Q cm] application
2+ Theoretical )
Be calculation p-type TCO [207]
CuAlO;, Ca’* > 1.0 Thermoelectric [208]
Mg** 12.0 p-type TCO [159]
Ca** 4.0 Thermoelectric [172]
Mg** 0.0045 p-type TCO [57]
CuCrO,
Ni** 21.3 p-type TCO [209]
Zn** 5.5 Thermoelectric [172]
CuInO, Ca* 333 p-type TCO [151]
2+ Theoretical )
Be calculation p-type TCO [210]
CuScO, Mg** 0.033 p-type TCO [36],[37]
2+ Theoretical )
Ca calculation p-type TCO [210]
2+ Theoretical )
Be calculation p-type TCO [210]
Theoretical
CuYO 2+ -
2 Mg calculation p-type TCO [210]
Ca** 1.00 p-type TCO [35],[37]

Formation of impurity phases incorporating the dopant and thereby limiting the

doping efficiency remains the major problem of this doping approach.[** Since

these impurities may be intransparent and non-conductive,?'!! they strongly

interfere with the perfomance of the delafossites for p-type TCO application. In

order to avoid the crystallisation of impurity phases, usually not more than seven

percent of the M**

ions are substituted by the dopan

t [150],[159],[168],[211]
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Furthermore, a few attempts of codoping with more than one extrinsic dopant
also have been published.!}”2[212]

Despite their intrinsic p-type conductivity, some oxides with delafossite structure
can be altered n-conductive by adequate extrinsic doping. For this purpose some
of the cations are replaced by substitutes of higher valence, which can be
divalent ions like cadmium32* or zinc?**! at the copper sites or M"* ions like
tint1351[20611216] gt the M3* sites. In the case of CulnO, this bipolar dopability can
be explained by the special energetic level of the conduction band minimum and
the valence band maximum.!7¢!

2.2.4 Possible applications

In section 2.1.3 the potential of p-conductive delafossites in the field of
optoelectronics has already been envisaged. In addition to their TCO qualities,
oxides with delafossite structure possess several other interesting properties,
which also could result in commercial applications of these compounds.

Catalytic activity of delafossites has been proven in several redox reactions. For
example, CuFeO, and CuAlO, have been shown to decompose nitrous oxide.?'”]
If this activity can be extended to other nitrogen oxides, one possible application
would be the conditioning of exhaust fumes of combustion processes. Even more
interesting is the catalytical decomposition of another toxic waste gas, H,S. It can
be converted to sulphur and gaseous hydrogen by irradiating an aqueous
solution of H,S to which powdery CuAlO,12*81219  cycro,?®, CuFe0,**”,
CuGa0,**"! or doped CuYO,**? has been added. This reaction not only
resembles a detoxification, but more importantly it is a way of solar energy
conversion. A similar process can be used to remove hazardous metal ions like
mercury and cadmium from aqueous solutions by reducing them
photocatalytically on the delafossite surface.[??1122

Moreover, delafossites are currently under investigation in a second field of
power generation. The transformation of waste heat into useful electrical power
could improve the energy balance of many industrial processes. The delafossites’
high Seebeck coefficient (also called thermoelectric power), combined with their

[225]

acceptable electrical conductivity, gives them high power factors and figures

of merit,[?2?71 which makes them promising materials for thermoelectric
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applications. So far CuAlQ,[\7812081[228] 3nq doped CuFeQ,!*?*! have shown
encouraging results.

Besides, the potential of copper iron oxide as a possible insertion compound in
battery cathodes has been investigated. During the discharge of a secondary
lithium battery lithium ions were intercalated into the CuFeO, lattice and were
removed again in the charge step. Several charge-discharge cycles of this system
could be conducted successfully.?*"

Another outstanding feature of oxides with delafossite structure is still limited to
CuFeO, and compounds derived from it. Copper iron oxide is a frustrated
triangular lattice antiferromagnet,>'1232] who shows several different transitions
in its magnetic ordering at low temperature.****! The magnetic phases can
easily be influenced by the oxygen content!?**'%3”] and the introduction of foreign
atoms, [100J[1051.1106],[110,1113],[23811239] Thage effects may enable the use of CuFeO, as
a ferroelectrict!®1%! jn actuators®?, sensorst?*'}242] or even new enhanced
types of random access memory.***! Nevertheless, the magnetic properties of
cuprous ferrite are not fully understood yet and thus far from feasibility.

2.3 Sol-gel processing of thin films

Sol-gel processing is a wet-chemical method for the fabrication of inorganic and
hybrid materials. In contrast to solid state reactions, powders, fibers, thin films or
even compact ceramics can be manufactured by this approach at comparatively
low temperatures.**?*1 The common feature of all sol-gel syntheses is the
conversion of the dispersed precursor particles in the sol into a viscoelastic gel
and furtheron into a solvent-free rigid amorphous xerogel by continuous
hydrolysis and  condensation reactions, accompanied by solvent
evaporation.?**¥2%] The concurrence of these reactions leads to the formation of
more and more metal-oxygen-metal-bondings, catalyzed by the air moisture and
traces of water in the solvent. Usually these reactions are completed by a
conditioning step at elevated temperature in air, which can also be used to
crystallize the amorphous material. 124124
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Figure 2.8: Diagrammatic depiction of the procedural steps and the
corresponding condition of aggregation of sol-gel processing from
the dissolution of precursors to the final ceramic material
(reproduced from [247] with permission from the Hiittentechnische
Vereinigung der Deutschen Glasindustrie e. V.).

For the synthesis of a sol suitable metal precursors have to be dissolved in a
more or less volatile solvent composition. Induced by traces of water in the
solvent, the precursors like metal alkoxides readily start reacting with each other
right after dissolution, resulting in the formation of disperse amorphous particles
in the sol and, in the course of further particle growth and aggregation (see
figure 2.8), accruement of precipitates. Since the latter determines the period of
the usability of a sol, highly reactive components like aluminum, zirconium or
titanium have to be stabilized by chelating ligands in order to retard particle
growth and to keep the particles dispersed.[2*}1241[248]

All components that persist the final thermal annealing step become a
constituent of the ceramic product and do determine its stoichiometry. Hence all
undesired ingredients must either be evaporated or decomposed to gaseous
products. Non-volatile additives and anions like chloride must be avoided.?*®! Yet,
the stoichiometry of inorganic sol-gel materials can be adjusted easily by the
chemical composition weighed in, and the introduction of a dopant only requires
a soluble precursor. This precise and straightforward tunability of the film
composition is a big advantage of sol-gel processing in research and

s’[249-252]

development over vacuum-based coating technique where the
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adjustment of the thin film stoichiometry is one of the most crucial stages and
often requires costly modifications of the target materials.[?>3%%]

A second distinctive feature of sol-gel processing is that in the sol all components
are distributed homogeneously on nanoscale, and this homogeneity is also
preserved in the gel. Hence the resulting materials reflect this uniform dispersal
of all participating elements and even dopants, enabling the formation of very
pure and high quality ceramics. [2*12#1[2%] Byt despite their advantageous
mixture, their phase composition still depends on the final thermal annealing
step.[246]'[25°]'[256]

Thin film deposition of sol-gel materials can be carried out by a whole variety of
coating techniques like blade coating, dip coating, spin coating, pad printing,
inkjet printing or spray coating.!**¥[2>711258] Each of them has got its very own
advantages, which predestine the one or the other for certain substrate
dimensions and shapes, processing speed, requirements on film homogeneity or
other special demands like patterned sol deposition.**¥2°71 Al of the coating
techniques mentioned above have proven their potential in industrial production,
and most of them can even be integrated in in-line manufacturing, which is
another advantage over vacuum-based techniques that usually only allow batch
processing.[?**!12*9] Besides, the investment costs for sol-gel coating devices are
significantly lower than for physical vapour deposition, which might be desirable
especially for small and medium-sized businesses.[?>2125
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3 Objectives of thesis

Inspired by the two publications on sol-gel synthesis of delafossite thin films
available at the beginning of this work,['*!!”] the initial step had to be the
synthesis of stable sols. From the variety of possible copper precursors, M**
sources and dopant educts for a defined delafossite compound the optimum
composition for an optimally processable sol had to be found, also with regard to
different solvent compositions and the crucial influence of complexing agents.
Since the sol composition may affect the properties of the resulting oxide via the
more or less complete decomposition of the sol components,?*®! it was necessary
to compare the phase development of the oxide material emerging from the
different sol recipes. Informations on decomposition reactions, crystallization and
phase transitions of sol powders should be uncovered in order to allow an
optimization of annealing conditions for delafossite formation and also expose
the most promising candidates for thin film processing.

With respect to the intended optoelectronic application, the next stage of
development had to be thin film deposition. In this case the challenge arises
from the fact that the used coating technique must consider three main criteria:
high electrical p-type conductivity, high optical transmission and low annealing
temperatures. The latter aspect is important with regard to the applicability of
cheap common substrate types such as borosilicate or soda lime glass, which is a
decisive prerequisite for any industrial mass production.

Doping being the most important tool for the enhancement of semiconductors,
experiments on the generation of intrinsic defects and the influence of extrinsic
dopants are not only supposed to improve the macroscopic performance of the
thin films, but also to deliver insight into band structure and conduction
mechanism of the delafossites.

After opitmization of the bare sol-gel delafossite thin films the next question on
the way to industrial application is wether the formation of a transparent p-n-
junction, which is the key to any transparent electronic circuit, succeeds. For this
purpose also an adjustment of the employed n-TCO might be necessary, and the
related experiments could further deepen the understanding of the charge
transport in oxides with delafossite structure.
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4 Experimental section

4.1 Chemicals

All chemicals were used as delivered without further purification. The solvents
utilized in the experiments were deionized water, acetone (purity >99.0 %),
isopropanol (purity >299.5 %) and propionic acid (purity >99 %) provided by
Merck, ethanol (purity 99.5 %, denatured with methyl ethyl ketone) from Jakle,
tetrahydrofuran (purity 99.9 %) from Carl Roth GmbH & Co. KG and
1,5-pentanediol (purity %96 %) supplied by Fluka.

Copper(I) oxide (Fluka, purity >97 %), copper(II) hydroxide (Aldrich, no
information about purity available), copper(II) hydroxide carbonate Cu,(OH),COs
(Fluka, purity >95 %), copper(II) pentanedionate (Fluka, purity >97 %),
copper(I) acetate (Sigma-Aldrich, purity 97 %) and copper(II) acetate
monohydrate (Fluka, purity >99.0 %).

The aluminum precursors examined were aluminum ethoxide (purity >97 %),
aluminum isopropoxide (purity >98 %), aluminum pentanedionate (purity
>98 %) as well as aluminum sec-butoxide (purity =95 %) from Fluka and
aluminum oxide hydroxide (Disperal Sol P3, no information about purity
available) from CONDEA. Besides a huge assortment of other cations whose
oxidation state can be tuned to +III were tested. In the order of the periodic
table these were vanadium (vanadium(III) pentanedionate, Fluka, purity
>95 %), chromium (chromium(III) acetate monohydrate, Wako, purity >90 %
and chromium(III) pentanedionate, Fluka, purity 97 %), manganese
(manganese(III) acetate dihydrate, Fluka, purity >96.0 %; manganese(II)
acetate tetrahydrate, Aldrich, purity >99 % and manganese(II) oxalate, Ventron,
no information about purity available), iron (iron(II) acetate, Sigma-Aldrich,
purity 99.995 %; iron(III) citrate hydrate, Aldrich, purity >98 % and iron(III)
pentanedionate, Aldrich, no information about purity available), cobalt (cobalt(II)
acetate tetrahydrate, Fluka, purity 299.0 %), vyttrium (yttrium acetate
monohydrate, Sigma-Aldrich, purity 99.9 %), antimony (antimony(III) acetate,
Aldrich, purity 99 %), lanthanum (lanthanum(III) acetate hydrate, Aldrich and
ChemPur, purity 99.9 %), cerium (cerium(III) acetate hydrate, Aldrich, purity
99.9 %), praseodymium (praseodymium(III) acetate hydrate, Aldrich, purity
99.9 %), neodymium (neodymium(III) acetate hydrate, Aldrich, purity 99.9 %),
samarium (samarium(III) acetate hydrate, Aldrich, purity 99.9 %), europium
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(europium(IIl) acetate hydrate, Aldrich, purity 99.9 %), gadolinium
(gadolinium(III) acetate hydrate, ABCR, purity 99.9 %), terbium (terbium(III)
acetate hydrate, ChemPur, purity 99.9 %), dysprosium (dysprosium(III) acetate
hydrate, Aldrich, purity 99.9 %), erbium (erbium(III) acetate hydrate, ChemPur,
purity 99.9 %), thulium (thulium(III) acetate hydrate, ChemPur, purity 99.9 %),
ytterbium (ytterbium(III) acetate hydrate, ChemPur, purity 99.9 %) and bismuth
(bismuth(III) acetate, Alfa Aesar, no informations about purity available).
Moreover some bivalent cations were introduced as dopants by their acetates:
magnesium acetate tetrahydrate (purity >99.5 %) from Merck, calcium acetate
hydrate (purity >99.5 %) from Riedel-deHaén, nickel(II) acetate tetrahydrate
(purity 99.9 %) supplied by Aldrich and zinc acetate dihydrate (purity >99.5 %)
from Fluka.

In order to improve the solubility of several cations and to stabilize them in
solution various organic additives were used: 2-ethoxyacetic acid (EAH, purity
98 %) provided by ABCR, 2-(2-methoxyethoxy)-acetic acid (MEAH, purity 98 %)
from Acros Organics, dimethylglyoxime (purity >99 %), 2-[2-(2-methoxyethoxy)-
ethoxy]-acetic acid (MEEAH, technical grade) and thioacetamide (purity >98 %)
supplied by Aldrich, acetic acid (purity 100 %), citric acid (purity >99.5 %) and
1,10-phenanthroline monohydrate (purity >99.5 %) supplied by AppliChem,
thiourea (purity 99.5 %) provided by EGA Chemie, allyl alcohol (no information
about purity available), butyric acid (purity >99 %), pelargonic acid (purity
>95 %) and triethanolamine (TEA, purity >98.5 %) from Fluka as well as
capronic acid (purity =98 %), ethylenediamine (purity >99 %), formic acid
(purity 299 %) and 2-methoxyacetic acid (MAH, purity =98 %) provided by
Merck.

Since many of the salts used are fairly hygroscopic and hence came without
exact specifications of their water content, for the sake of an exact stoichiometry
of the sols this water content had to be figured out and was included in the
calculation of the sol compositions. Therefore a small amout of these salts was
weighed in and oxidized in a muffle furnace Heraeus M110 (Heraeus
Instruments, Hanau, Germany) in air at 1000 °C for three hours. The residuals
were weighed back and considered to be the pure corresponding metal oxide,
representing the so called “oxide yield” for the stoichiometric calculations.
Because of that this method was limited to elements who surely keep their state
of oxidation during the sintering. For all other elements, e. g. copper, iron and
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manganese, the calculations were based on the formula weight and the water
content given by the supplier.

4.2 Selection of precursors

The solubility of the precursor salts was examined by a series of pretests.
Herefore amounts of the salts were weighed in the particular solvent to resemble
a metal oxide yield of 5.00 % in the intended oxidation state and were stirred at
room temperature up to five days. If this did not result in a clear solution free of
residuals the temperature was raised to 50 °C and stirring was continued for
another 24 h. Afterwards the precursors were assessed to either have a too low
solubility or to be sufficiently soluble and thus to be suitable for sol preparation.
Since ethanol is a nonhazardous solvent and is well established in sol gel
synthesis due to its favourable properties, it was modified by different organic
additives, which were used in up to the 3.5 fold molar concentration with respect
to the metal ions in order to dissolve the most promising and the essential
precursors. In any other respect this second series of experiments was treated
analogous to the first one.

4.3 Sol synthesis

For the general syntheses of the delafossite sols the corresponding metal salts
were weighed in, organic complexants were added where applicable and finally
the oxide yield of the sol referring to delafossite was adjusted to 3.00 % or in
few cases 6.00 % by the solvent. If the precursors did not dissolve during stirring
at room temperature within seven days the respective mixture was stepwise
heated up to reflux. After complete dissolution the sols were pressure-filtered
through a 0.45 pm nylon filter.
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4.3.1 Copper aluminum oxide

All copper aluminum oxide sols were based on copper(IlI) acetate monohydrate
except for one, for which copper(I) acetate was used. The aluminum compound
was either aluminum isopropoxide or custom-made alumatrane Al(OC,H,)sN 1269,
synthesized via ‘“transesterification” of aluminum sec-butoxide with
triethanolamine.[?®®?61! The solvents used for the copper aluminum oxide sols
were propionic acid and ethanol, which were modified by 1,10-phenanthroline,
MAH, EAH or TEA. Table 4.1 gives an overview of the different undoped sol

compositions.

Table 4.1:  Overview of the sol compositions of undoped copper aluminum
oxide. The molar ratio of organic additives always refers to the
amount of copper ions.

Cu educt Al component Solvent Additives Oxide yield
CuOAc Alumatrane EtOH 2.2 &q. 1,10- 3.00 %
phenanthroline

Cu(OAc); - H,O  Alumatrane EtOH 3.5eq. TEA 3.00 %
Cu(OAc); - H,O  Alumatrane EtOH 2.2 eq. EAH 3.00 %
Cu(OAc); - H,O  Alumatrane EtOH 2.2 eq. EAH 6.00 %
Cu(OAc); - H,O  Alumatrane EtOH 2.2 eq. MAH 6.00 %
Cu(OAc); - H,0O  Alumatrane  Propionic acid 2.2 eq. EAH 3.00 %
Cu(OAc); - H,0  Alumatrane  Propionic acid 2.2 eq. EAH 6.00 %
Cu(OAc); - H,0O  Alumatrane  Propionic acid - 3.00 %
Cu(OAc); - H,0O  Alumatrane  Propionic acid - 6.00 %
Cu(OAc), - H,O0 Isopropoxide Propionic acid - 3.00 %

By replacing small amounts of the aluminum compound with an equivalent
amount of calcium acetate, magnesium acetate or zinc acetate or by altering the
copper to aluminum ratio it was attempted to dope the resulting delafossite. The
compositions of these sols are given in table 4.2.
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Table 4.2:  Overview of the sol compositions of doped copper aluminum oxide.
All sols were based on copper(II) acetate and alumatrane. The
molar ratio of organic additives always refers to the amount of

copper ions.

Stoichiometry  Oxide yield Solvent Additives Dopant source

CuAlg 830175 3.00 % Propionic acid - -

CuAl; 100,15 3.00 % Propionic acid - -

CuAl; 200,30 3.00 % Propionic acid - -

CuAl; 300,45 3.00 % Propionic acid - -

CuAl; 400,60 3.00 % Propionic acid - -

CuAl; 500,75 3.00 % Propionic acid - -
CuAlj 9gCag 020, 3.00 % Propionic acid - Ca(OAc); -x H,0O
CuAly 95Cag.0s0, 3.00 % Propionic acid - Ca(OAc), -x H,0O
CuAI0_95Ca0,0502 6.00 % EtOH 2.2 €q. EAH Ca(OAC)z X Hzo
CuAly 90Cag.100, 3.00 % Propionic acid - Ca(OAc), -x H,0
CuAI0_90Ca0,1002 3.00 % EtOH 2.2 €q. EAH Ca(OAC)z X Hzo
CuAly.9sMgg.020- 3.00 % Propionic acid - Mg(OAc), -4 H,0O
CuAly.95sMgg.0s0- 3.00 % Propionic acid - Mg(OAc), -4 H,0
CuAlg.9sMgp 0502 6.00 % EtOH 2.2 eq. EAH Mg(OAc), -4 H,0
CuAly.90Mgg.100- 3.00 % Propionic acid - Mg(OAc), -4 H,0
CuAlg.90Mgp.1002 3.00 % EtOH 2.2 eq. EAH Mg(OAc), -4 H,0
CuAlg.95Zng 050> 3.00 % EtOH 3.5eq. TEA Zn(OAc), -2 H,O
CuAlg.95ZNg 050> 6.00 % EtOH 2.2 eq. EAH Zn(OAc), -2 H,0

4.3.2 Copper chromium oxide

The copper chromium oxide sols were all based on copper(II) acetate
monohydrate, chromium(III) acetate monohydrate and the solvent ethanol. In
most cases the Cu(OAc), - H,O was first dissolved in a separate flask in half of
the ethanol containing the whole amount of organic additives and was united
with the chromium solution thereafter. This proved to be beneficial for the fast
and complete dissolution of the copper precursor. In table 4.3 all undoped
CuCrO, sol compositions are listed.
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Table 4.3:  Overview of the sol compositions of undoped copper chromium
oxide. The molar ratio of organic additives always refers to the
amount of copper ions.

Additives Oxide vyield
5.5 eq. EAH 3.00 %
3.5eq. TEA 3.00 %
2.2 eq. EAH o

and 3.3 eq. TEA 3.00 %
2.2 eq. EAH 6.00 %

and 3.3 eq. TEA

Just like CuAlO, the copper chromium oxide sols were doped by either using a
substoichiometric amount of copper or by partially substituting the chromium
acetate by an equivalent amount of calcium acetate, magnesium acetate, nickel
acetate or zinc acetate. The compositions of these sols are given in table 4.4.

Table 4.4:  Overview of the sol compositions of doped copper chromium oxide.
All sols were based on copper(II) acetate, chromium(III) acetate
and ethanol. The molar ratio of organic additives always refers to
the amount of copper ions.

Stoichiometry  Oxide yield Additives Dopant source

CuCry.050,.58 3.00 % 3.5eq. TEA -

CuCrq.90Cap.100; 3.00%  3.5eq. TEA Ca(OAc), x H,0
CuCrg.975MJp.0250, 3.00%  3.5eq. TEA Mg(OAc), -4 H,0
CuCrg.950MJp.05002 3.00% 2.2 eq. EAH Mg(OAc), ‘4 H,0
CuCrg.950MJp.05002 3.00%  3.5eq. TEA Mg(OAc), -4 H,0

2.2 eq. EAH
CuCro.950Mgo.000,  3.00 % and 3.e3qeq. TEA Mg(OAc), -4 H,0

2.2 eq. EAH
CuCroosoMgnoso0, ~ 6.00 % _ % 3§qeq. Tea Ma(OAC), -4 H,0

CUCF0.925M90_07502 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CucrolgooMgo_moOz 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CUCF0.375M90_12502 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CUCF0.350M90_15002 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CucrolgooMgo_zoooz 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CUCF0.700M90_30002 3.00 % 3.5 €qg. TEA Mg(OAC)z -4 Hzo
CuCro,goNio,mOz 3.00 % 3.5 €q. TEA NI(OAC)Z 4 Hzo
CUCI’O.95Z|']0.05OZ 3.00 % 2.2 €qg. EAH Zn(OAC)z 2 Hzo
CUCI’O.95Z|']0.05OZ 3.00 % 3.5 €q. TEA Zn(OAC)z -2 Hzo
CuCro,gozno,mOz 3.00 % 3.5 €q. TEA Zn(OAC)z -2 Hzo
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4.3.3 Copper aluminum chromium oxide

In order to combine the individual advantages of the two mother systems CuAlO,
and CuCrO,, several sols of the qarternary solid solution CuAl,.,Cr,O, with ratios
x =0.2; 0.4; 0.5; 0.6; and 0.8 were synthesized. These sols were made up of
copper(I) acetate monohydrate, alumatrane, chromium(III) acetate
monohydrate, 3.5 equivalents (referring to Cu®*) of TEA and the solvent ethanol.
A further similarity of these sols is their common oxide yield of 3.00 %.

Moreover, the mixed system with x = 0.5 was also doped by Mg substitution,
resulting in the formula CuAl, s.,Cro5,Mg,,0, for the delafossite product, and by
copper substoichiometry. The precursors were the same as for the undoped sols,
accompanied by magnesium acetate tetrahydrate.

4.3.4 Other compositions

Beside aluminum and chromium several other elements that are able to obtain
the oxidation state +III were tested in the solubility experiments (see section
4.2). However, only some of them could successfully be used for the preparation
of a sol whose stoichiometry could be suitable for the synthesis of an oxide with
delafossite structure. In all cases copper(II) acetate monohydrate and the
respective metal acetate (see section 4.1) were used for the sol synthesis, the
further details hereof are given in table 4.5 and 4.6.



38

4.3 Sol synthesis

Table 4.5:

Overview of the sol compositions of copper lanthanide oxides. All

sols were based on copper(II) acetate and the respective
lanthanide acetate. The molar ratio of organic additives always
refers to the amount of copper ions.

Stoichiometry  Oxide yield Solvent Additives
CuLaO, 3.00 % Propionic acid -
CuCeO, 3.00 % Propionic acid -
CuPro, 3.00 % Propionic acid -
CuPrO, 6.00 % EtOH 3.5 eq. TEA
CuNdO, 3.00 % Propionic acid -
CuNdO, 6.00 % EtOH 3.5eq. TEA
CuSmO;, 3.00 % Propionic acid -
CuEu0, 3.00 % Propionic acid -
CuGdO, 3.00 % Propionic acid -
CuTbO, 3.00 % Propionic acid -
CuDyO, 3.00 % Propionic acid -
CuEro, 3.00 % Propionic acid -
CuTmO, 3.00 % Propionic acid -
CuYbo, 3.00 % EtOH 3.5 eq.

ethylenediamine

In most cases these metals were lanthanides (see table 4.5), but some further

elements, namely manganese, iron, cobalt, yttrium, antimony and bismuth, also

provided applicable sols (see table 4.6).

Table 4.6:

Overview of the sol compositions of copper-based ternary oxides

with main group elements and transition metals except chromium.
All sols were based on copper(Il) acetate and the molar ratio of
organic additives always refers to the amount of copper ions.

Stoichiometry  Oxide yield Solvent Additives Precursor of
element X
CuMnO, 3.00 % Propionic acid - Mn(OAc), -4 H,0O
CuMnO, 3.00 % EtOH 4.4 eq. EAH Mn(OAc), -4 H,0O
CuFeO, 6.00 % EtOH 5.5 eq. EAH Fe(OAc),
CuCo0, 3.00 % Propionic acid - Co(OAc), -4 H,0
CuCo0, 3.00 % EtOH 4.4 eq. EAH Co(OAc), -4 H,0O
CuYO, 3.00 % Propionic acid - Y(OAc); -1 H,0
CuYO, 3.00 % EtOH 5.5eq. TEA  Y(OAc); -1 H,0O
CuSbO, 3.00 % EtOH 6.8 eq. TEA Sb(OAc);
CuBiO, 3.00 % Propionic acid - Bi(OAC);
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As a variant half of the element X in CuYO,, CuPrO, and CuNdO, was replaced by
chromium, resulting in quarternary oxide compositions of the general formula
CuCrg 5Xo.50,, just like in CuAly sCry 50, (see section 4.3.3).

4.4 Powder experiments

Several of the sols mentioned in section 4.3 were subjected to rotational
evaporation. As preferably dry powders should be obtained, the temperature
during evaporation was raised up to 150 °C, if necessary, and the pressure was
lowered to values of 25-35 mbar. Portions of the resuting powders or highly
viscous pastes were sintered either in air in the muffle furnace or in a constant
argon flow of 0.8 bar or forming gas (95 % nitrogen, 5 % hydrogen) flow of
80 I/h in a tube furnace Ro 7/25 with control unit RE 1.1 (Heraeus Instruments,
Hanau, Germany), which was equipped with a 150 cm fused silica tube (QCS
GmbH, Maintal, Germany). Some samples consecutively underwent two different
sintering procedures. In a further experimental series the influence of humidity of
the sintering atmosphere was investigated by constantly injecting 10 I/h
deionized water into the furnace tube by an automatic dispenser Dosimat 665
(Metrohm AG, Herisau, Switzerland).

Since cases are known where evaporated sols are not a good approximation to
the sintering behaviour of true dried xerogel films!®®2, for comparison also
xerogel film powders were prepared exemplarily. A borosilicate substrate
(100 x 100 x 3.3 mm?, Schott Jenaer Glas GmbH, Jena, Germany) was dip-
coated with a withdrawal rate of 500 mm/min, the resulting film was dried for
3 min at room temperature and 30-35 % relative humidity, heated for 7 min with
a hot-air gun (HG 2310 LCD, Steinel GmbH, Herzebrock-Clarholz, Germany)
operated at 120 °C and finally the xerogel film was scratched off with a razor
blade. The resulting film powder was sintered at the same conditions as the sol
powder.
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4.5 Thin film preparation

For the majority of experiments in this study two different types of glass
substrates were used: The 100 x 100 x 3.3 mm® borosilicate substrates already
mentioned in section 4.4 for annealing temperatures up to 700 °C and
50 x 50 x 1.0 mm?® fused silica substrates (QCS GmbH, Maintal, Germany) for
temperatures exceeding the stability range of borosilicate. Just before coating
these substrates were cleaned in a laboratory dishwasher with an alkaline
cleaning procedure and a final neutralization step.

Moreover, two different types of conductive substrates were used for the
preparation of Schottky contacts and genuine p-n-heterojunctions with diode
characteristics. Borosilicate glass from Schott with a thin sputter-deposited
platinum layer was used for both purposes. For the formation of heterojunctions
AF 45 borosilicate substrates (Schott AG, Griinenplan, Germany) with dimensions
of 50 x 50 x 1.0 mm® were coated with a ~140 nm thick ITO film deposited by
high power pulsed magnetron sputtering at the Fraunhofer Institute for Surface
Engineering and Thin Films, Braunschweig, Germany. Additionally, most of these
ITO substrates were equipped with a protective SiOxN, barrier layer between 15
and 40 nm by RF sputtering!®®3], Both types of diode substrates were cleaned by
5 and 10 min ultrasonification in acetone, respectively, and repeatedly rinsing
them with acetone thereafter.

By default, the substrates were dipped into the sol, tarried within for 10 s in
order to calm down any turbulences and to grant optimum wetting of the surface
and were withdrawn at a constant rate of 150 mm/min or 250 mm/min. After a
drying step of 3 min (ethanol-based sols) or 5 min (other solvents) in the closed
coating chamber at room temperature and a relative humidity of 30 to 35 %, the
samples were oxidized in a muffle furnace. During the first thin film experiments
the oxidation time and temperature were varied in a wide range, namely
between 130 °C and 1060 °C as well as 10 min and 60 min, respectively, and the
single films were characterized thereafter.

Later on the total film thickness was increased by repeating the coating
procedure three times. Simultaneously the sintering procedure was improved by
splitting it up into an oxidation step in a pre-heated muffle furnace between 300
and 600 °C for 10 min right after every coating cycle and a final treatment of the
whole layer stack under inert gas flow of either 0.7-0.8 bar or 100 L/h argon or
nitrogen. The typical conditions for this final step were as follows: The heating
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rate of the tube furnace (SR 70-500/12, Gero GmbH, Neuhausen, Germany,
controlled by a RE 1.1 control unit from Heraeus Instruments, Hanau, Germany)
was set to 1000 K/h and the maximum temperature of 400-1100 °C was
maintained for 15 min. Afterwards the samples were stored at ambient
conditions. Experiments for the investigation of the influence of a certain
parameter may deviate from this general procedure.

Since higher total film thicknesses seemed to be desirable for the fabrication of
the diodes, the number of single layers in the stack was increased to ten or even
15 for these samples.

4.6 Characterization

4.6.1 Thermogravimetry and differential thermal analysis

Precisely weighed amounts of approximately 10 mg of the sol powders and film
powders were analyzed by a Netzsch STA 449 C apparatus (Netzsch GmbH & Co.
KG, Selb, Germany). The samples were placed in a corundum crucible and
heated with a rate of 10 K/min up to 1250 °C. Either synthetic air or argon were
chosen for the atmosphere during the analysis, with some samples being
preoxidized in a muffle furnace in air at 500 °C in order to simulate a two-staged
sintering procedure.

For a more detailed insight into the decomposition reactions during the analysis,
the TG/DTA was upgraded by Fourier transform infrared (FT-IR) spectroscopy
(Tensor 27 spectroscope, Bruker Optik GmbH, Ettlingen, Germany) and mass
spectrometry (Aeolos MS 403 C quadrupol mass spectrometer, Netzsch GmbH &
Co. KG, Selb, Germany) of the gaseous decomposition products.

4.6.2 Infrared spectroscopy

A few granules of the annealed powder samples were finely grinded with 0.15 g
potassium bromide (Sigma Aldrich, purity >99 %, for FT-IR) and pressed into
pellets. The absorptions of these pellets in the range between 4000 cm™ and
500 cm™ were measured by a Nicolet Magna-IR 760 E.S.P (Nicolet Instrument
Corporation, Madison, Wisconsin, U.S.A.) and were interpreted by standard
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[264]

infrared (IR) absorption frequencies of organic compounds and by

comparison with IR absorption spectra in databases [26511266],

4.6.3 X-ray diffraction

Phase composition and crystallite size of the annealed powder samples was
determined by powder X-ray diffraction with a Philips PW 1730 Constant Potential
Generator equipped with a PW 1710 Diffraction Control Unit and a PW 1050
Vertical Goniometer (Philips, Eindhoven, The Netherlands). The X-ray tube was
operated at 45 kV and 30 mA, generating Cu-K, radiation with a wavelength of
154.18 pm. A step size of 0.02° and a measuring time of 1s per step were
chosen for the measurements in Bragg-Brentano geometry from 26 = 10° to 70°.
The thin film samples were examined by X-ray diffraction (XRD) for the same
reason, but with a different apparatus and a different setup. In fact these
samples were analyzed by a Siemens D5005 diffractometer (Analytical X-ray
Systems, Karlsruhe, Germany) in the so called “detector scan” mode at a
constant incidence angle of 0.5°, which is also called grazing incidence X-ray
diffraction (GI-XRD). In the 26 range from 10° to 72° the step size again was
chosen to be 0.02°, but with a measuring time of 2 s per step. The detector was
equipped with a long Soller slit, whereas the X-ray tube (Cu-K,, A = 154.18 pm)
had a Gébel mirror and was operated at 40 kV and 40 mA.

All X-ray measurements were interpreted and analyzed by the software Diffrac
Plus Evaluation Release 20047 (Bruker AXS, Karlsruhe, Germany) and the
database PdFf-2 Release 2004°%®! of the International Centre for Diffraction Data
(Newton Square, Philadelphia, U.S.A.).

4.6.4 UV-Vis spectroscopy

The optical transmission of films in the visible range, T, was obtained by running
a transmission measurement from A = 2500 nm to 200 nm with a Shimadzu UV-
3100 spectrometer extended by a MPC-3100 sample chamber (Shimadzu
Corporation, Kyoto, Japan) and averaging the transmission between A = 400 and
700 nm.**! Besides the optical characterization of some samples of special
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interest was completed by measuring their reflectivity with the same device and
in the same wavelength interval.

4.6.5 Ellipsometry

Since ellipsometry is a fast and non-destructive characterization method and has
been proven to be well-suited for sol-gel thin films,'*’” a few exemplary samples
were measured by a GES-5E EP-A ellipsometer (Sopra SA, Bois-Colombes,
France) in order to determine their film thickness and the refractive index of the
layers. The measurements were performed with the CCD detector at different
incidence angles. As transparent substrates were used, the signal from the rear
side of the samples had to be obstructed by using the so called “micro spot” to
prevent its detection.

4.6.6 Profilometry

An Alpha-step 200 profilometer (Tencor Instruments, Mountain View, California,
U.S.A.) was used to determine the oxide layer thickness achieved by one single
coating cycle with withdrawal rates between 10 and 250 mm/min. According to
these results the withdrawal rates for the multiple coating cycles were chosen in
order to obtain the intended total oxide thicknesses.

4.6.7 Conductivity measurements

Two different devices were used to determine the conductivity of the thin films.
The sheet resistance R, of the samples was measured by an HP 3458A
Multimeter (Agilent Technologies Inc., Loveland, Colorado, U.S.A.) equipped with
a four-point-probe!®?’Y] manufactured by Fraunhofer ISE (Freiburg, Germany).
The indicated values had to be corrected by a geometrical factor, depending on
the size and shape of the corresponding sample.[67}271]

More reliable resistance measurements were performed with a two-point-probe
setup and a Keithley 199 multimeter (Keithley Instruments Inc., Cleveland, Ohio,
U.S.A.). For this purpose a defined rectangle was cut into the oxide layer. This
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rectangle was subdivided into three rectangular sections by masking with stripes
of adhesive tape, resulting in three cuboid conductors. The outer rims of these
conductor areas were painted with silver varnish, whereupon the multimeter
electrodes were placed after drying.

4.6.8 Four coefficient measurement

Furthermore, the electrical properties of the thin films were characterized by
measurements on a custom-made four coefficient instrument'”? at the
Fraunhofer ISE (Braunschweig, Germany). The device provides data about the
Hall coefficient, Seebeck coefficient, Nernst coefficient and the resistivity of the
samples. Beside confirming the type of semiconductivity, these coefficients
enable the calculation of mobility and concentration of the charge carriers in the
oxide films,?721273] which are the most significant electrical characteristics of
TCOs.

4.6.9 Scanning electron microscopy

The surface morphology of the oxide thin films was investigated by a Supra 25
scanning electron microscope (Carl Zeiss SMT AG, Oberkochen, Germany).
Images were acquired by the in-lens detector at acceleration voltages of 1.5 or
2 kV and working distances of 1 to 6 mm. In order to prevent charging, the
samples were placed horizontally on a conductive sample holder and the sides
and edges were painted with silver varnish.

Freshly broken pieces of the thin film samples were mounted vertically in
screwed sample holders in order to study the cross-sections of the oxide layers.
Except for the edge under investigation the whole fragment was coated with
silver varnish. The instrumental parameters were the same as for the surface
examination.
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4.6.10 Transmission electron microscopy

Samples for the transmission electron microscopy were prepared by a
Quanta 200 3D dual beam focused ion beam (FEI, Oregon, U.S.A.). The device
was used to cut ultrathin sectors out of the cross-sections of the oxide layers by
a focused gallium ion beam. Bright field images and diffraction images of these
samples were taken by a Jeol JEM-2010 (Jeol Ltd., Tokyo, Japan) transmission
electron microscope (TEM) operated at 200 kV.

4.7 Diode fabrication

In order to create a Schottky diode, palladium contacts were sputtered onto
1 um thick delafossite thin films. Platinum-coated borosilicate substrates
(Fraunhofer ISE, Freiburg, Germany) served as plane rear contact. By sputtering
n-type ZnO or ITO instead of Pd onto the delafossite, it was attempted to create
an n-p heterojunction.

Sputtered ITO on borosilicate or fused silicate was provided with a thin
protection layer of silicon oxynitride. Such substrates (Fraunhofer IST,
Braunschweig, Germany) were coated with several delafossite layers for the
fabrication of a fully transparent n-i-p junction. Gold or palladium contacts were
sputtered upon as contact electrodes.

Finally, the current voltage characteristics of these junctions were measured.
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5 Results and discussion

5.1 Sol compositions

Currently numerous oxides with delafossite structure are under investigation for
their abilities as p-TCOs,?*! and so far it is not yet clear which of them will
prevail. It also seems possible that there will not be only one delafossite for all
fields, but for different applications with their specific demands on transmittance,
conductivity, carrier mobility and dopability various delafossite compositions may
be established. For this reason the stoichiometrical flexibility of sol-gel processing
might not only be beneficial for the TCO development, but also for a versatile
industrial fabrication.

A huge number of possible M** ions were tested in this work in order to find out
wether the corresponding ternary oxide CuMO, with delafossite structure could
be obtained by the sol-gel route, and which of the resulting films would perform
best. The sols of the most promising candidates were subsequently derivatized
by soichiometric deviations and the introduction of extrinsic dopants, both in
order to improve the thin film performance.

5.1.1 Solubility of precursors

The concentration of a sol is one of the factors determining the thin film
thickness obtainable by one coating cycle.!**! Hence the precursors used for the
sol synthesis have to possess a certain solubility in order to grant reasonable
deposition rates, the total oxide yield of the sol should at least be 3 mass-%.
Otherwise the small thickness of the layers would have to be compensated by
multiple coating, which makes the whole process more expensive and thus less
attractive for industrial application. Considering this lower limit and a latitude for
experiments, the criterion for exclusion of a precursor was chosen to be the
incomplete dissolution of a mixture with an oxide yield of 5 mass-% instead.

Basically, all ingredients of the sols are supposed to evaporate during the drying
step or to decompose into gaseous products during the oxidation step. Persistent
compounds can affect the reactions in the xerogel film and thus alter thin film

[246],[274]

properties like porosity and crystallization. Secondly, the released

components must be non-toxic and nonhazardous to the enviroment in order to
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avoid complex and costly detoxification steps in processing. Hence only
components solely consisting of the metal, oxygen, hydrogen, nitrogen in
negative oxidation states and carbon were tested.

5.1.1.1 Copper precursors

Copper being the omnipresent cation in the whole experimental series, the
search for at least one soluble copper precursor was the initial challenge and a
prerequisite for any delafossite sol. So far the sol-gel synthesis of delafossites is
based on Cu®*, while copper is in the oxidation state +I in the delafossite,!*6/1]
Although it is unlikely that a Cu® precursor remains in this oxidation state
throughout oxidative thermal annealing, Cu® precursors were included in the
solubility tests. The motivation was that such precursors might be beneficial for
the properties of the thin films by incorporating only one anion per cation into
the xerogel film, thereby reducing its content of impedimental
organics.[246]'[275]'[276]

The dissolution and stabilization of Cu® ions in solution requires bulky and
sophisticated ligands. Two molecules of the bidentate compound 2,2"-bipyridine
(see figure 5.1) or its derivatives are able to coordinate a copper(I) ion, whereby
it becomes soluble in solvents with moderate polarity and gets segregated from
the solvent molecules.!”””! The related compound 1,10-phenanthroline (see figure
5.1) has an even higher affinity for Cu®, probably due to its rigidity, which

facilitates the coordination to one cation.?7827°]

Figure 5.1: Structural formulas of the bidentate chelating ligands 2,2’-bipyridine
(left) and 1,10-phenanthroline (right).

2.2 mol equivalents of 1,10-phenanthroline were successfully used to achieve
solubility of copper(I) acetate in ethanol. But the twofold complexation by
1,10-phenanthroline, which also protects Cu®™ from disproportionation, massively
increases the organic content of a potential xerogel film and thereby may cause
problems in its densification and crystallization,2*1276}[28%] gnnjhijlating the
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positive effect that the need of only one anion per cation in the gel film might
have.

The number of available copper(Il) precursors fulfilling the requirements on
composition was slightly larger. Therefore, the solubility experiments were
confined to the established and reliable sol-gel solvents!?®! ethanol and propionic
acid. Table 5.1 gives an overview of the related results.

Table 5.1:  Results of the solubility tests of various copper(II) educts in the
pure solvents ethanol and propionic acid.

Copper(II) compound Solvent
Ethanol

Propionic acid

Cu(OAc); " H,0O
Cu(Acac),
Cu(OH),
Cu,(0OH),CO;

As it seemed desirable to have at least two different basic solvents and also two
copper educts to choose from for the sol synthesis, it was attempted to increase
the solubility of Cu(OAc), * H,O in ethanol by addition of organic complexing
agents. Inspired by the solubility of the acetate in propionic acid and earlier
experimental series with gadolinium acetate,?®!! the simplest additives examined
were n-alkanoic acids of ascending chain length, whose acidity is almost
identical.’®®>! The results are given in table 5.2.

Table 5.2:  Results of the solubility tests of copper(Il) acetate monohydrate in
ethanol under addition of 2.2 mol equivalents of alkanoic acids.

n-Alkanoic acid Cu(OAc); * H,O

Formic acid HCOOH
Acetic acid CH;COOH
Propionic acid C,HsCOOH
Butyric acid C;H,COOH
Capronic acid CsH;;COOH
Pelargonic acid CgH;;COOH
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The second family of compounds that were tested as complexing agents were
alkoxyacetic acids because they are well established for this purpose in sol-gel
chemistry. Moreover, their chain length influences the the porosity of the
resulting ceramic material®®22®”! and can be adjusted in order to tune the
solubility of a precursor in a certain solvent.”® Copper(II) acetate could
successfully be dissolved in ethanol by adding 2.2 mol equivalents of EAH and
MEAH, whereas experiments with MAH and MEEAH failed. Thus both
experimental series revealed the need of an acid of intermediate chain length in
order to successfully stabilize Cu** in ethanol.

Besides, three other chelating ligands that already have been used in sol-gel
chemistry were tested as agents for the dissolution of copper(Il) acetate
monohydrate in ethanol. But whereas the failure of experiments with citric
acide 1551288112891 and ethylenediamine!®®” might be due to the formation of
clusters interconnected by these agents,?*® triethanolaminel?*°}12811[29111292] ¢ q
successfully be used to dissolve Cu(OAc), * H,0.

5.1.1.2 Aluminum salts

In contrast to copper oxides, sol-gel processing of alumina is well established and
lots of publications on this field are available.[2*3}[2861129-2%51 Tha high affinity of
aluminum for oxygen determines its behaviour during sol synthesis and also
during gel formation. Traditionally, highly reactive aluminum compounds like
alcoholates!?6112%2%8] haye been jused in sol-gel chemistry. Unfortunately, these
precursors quickly start to form new aluminum-oxygen-bonds by hydrolysis and
condensation right after dissolution, which sooner or later leads to the formation
of precipitates and thereby restricts the applicability of the sols.[286112%] By
addition of organic complexing agents it is possible to retard these reactions
significantly, extending the lifetime of such modified sols,[2+51[2861.12%°]

The solubility tests with aluminum precursors were restricted to ethanol and
propionic acid, since this margin had been given by the successful experiments
with copper salts. However, neither of the experiments in propionic acid resulted
in a clear solution. Aluminum oxide hydroxide might have reacted with the acid
to form insoluble Al,0;, and the aluminum alkoxides probably underwent
protolysis and condensation reactions with the same final product.

The only compound being soluble in ethanol was aluminum isopropoxide. This

result indicates that also AP’* needs a coordination by ligands of intermediate
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chain length for dissolution. Accordingly, the repertory of commercial educts for
the synthesis of CuAIO, sols appeared fairly restricted. A widespread alternative
is the use of individually synthesized precursor powders that are usually based on
aluminum alkoxides®®®?61 or aluminum oxide hydroxide,!*®2%” which are
partially hydrolyzed and stabilized by complexation with organic agents. At
Fraunhofer ISC the so called “alumatrane”*®*'?51] has become a well-established
educt for aluminum-containing sols. Experiments with different batches of
alumatrane showed its outstanding solubility both in ethanol and propionic acid,
which is why it was chosen as the Al precursor for most of the CuAlO, sols (see
section 4.3.1).

5.1.1.3 Chromium salts

Only two different chromium(III) precursors were examined in this experimental
series. Chromium(III) pentanedionate was insoluble in the solvents ethanol and
propionic acid. Even the addition of 3.3 equivalents of the complexing agents
EAH or TEA did not result in clear ethanolic solutions. The coordination of the
acetate ions in chromium(III) acetate monohydrate seems to be much weaker,
because this compound readily dissolves in ethanol even without additives.
Astonishingly, this precursor does not dissolve in propionic acid. Hence the
synthesis of CuCrO, sols was limited to ethanolic approaches.

5.1.1.4 Other precursor salts

At the beginning of this work the state of the art was limited to two publications
on sol-gel processing of delafossite thin films, which both are dealing with
CuAlO,.1'8'71 On the other hand, a much larger number of copper-based oxides
with delafossite structure was already known and many of them also showed
promising properties for possible application as TCO (see sections 2.1.2 and
2.2.2). Hence it seemed desirable to find soluble precursors of the metals
involved in order to enable the synthesis of these potential TCO candidates by
sol-gel processing.

The elements coming into question can be subdivided into three different
“families”. One of them were the lanthanides, which are all able to assume an
oxidation state of +III. Several ternary oxides with delafossite structure are
known from the literature: CuLaO,, CuPrO,, CuNdO,, CuSmO, and CUuEuO,.l}*!
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Based on the results of earlier experiments with lanthanide salts,?®"! the solubility
tests with these elements were centered on the solvent propionic acid. All the
acetates available (see section 4.1) could be dissolved, apart from terbium
acetate and ytterbium acetate. The latter at least could be dissolved in ethanol
by addition of MEEAH or ethylenediamine. In contrast to this, terbium acetate
monohydrate could not be dissolved in ethanol by any of the organic additives
examined. This behaviour appears rather strange, since lanthanides, especially
neighboring ones, tend to behave similar in such respects.

The second “family” of elements examined for the M** position in CuMO, are
transition metals that possess an at least metastable oxidation state +III, such
as vanadium, manganese, iron, cobalt and yttrium. Solubility tests of vanadium
precursors completely failed due to precipitation of vanadium oxide.
Manganese(II) acetate tetrahydrate was the only Mn precursor to readily dissolve
in both solvents. In ethanol soon a brown precipitate of manganese oxide
formed, but this reaction could be prevented by adding 2.2 equivalents of EAH or
TEA to the solution.

Due to their low reactivity the iron(III) precursors investigated did not dissolve in
ethanol or propionic acid. Hence the search for a precursor was extended to
iron(II) precursors. Iron(II) acetate readily dissolved in both solvents, but
enduring stabilization in ethanol could only be achieved by addition of 3.3
equivalents of TEA. For cobalt(II) acetate stabilization by 3.3 equivalents of EAH
proved to be more reliable.

Moreover, yttrium acetate could be dissolved in pure propionic acid and in a
mixture of 3.3 equivalents of EAH and ethanol, whereas the experiments with
pure ethanol and TEA failed. TEA, again, might be too small to be able to
coordinate the large Y** ions completely, just like for Yb*".

Main group elements resemble the last “family” of elements under investigation
in this experimental series. Beside aluminum (see section 5.1.1.2), only the
acetates of bismuth and antimony were studied. Both precursors could be
dissolved in propionic acid, but only the additive TEA could enable the dissolution
in ethanol. Nevertheless, all other additives also seem to react with the
precursors, which becomes apparent by the altered appearance and the differing
amount of remaining precipitate.
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5.1.2 Sol synthesis

Separately soluble precursors not necessarily result in a stable sol when being
combined. This is especially true when a complexant is added to the solvent,
because the two cations compete for the favourable coordination sphere, which
can result in a precipitate of the cation with the lower complexation constant. In
most cases this could be compensated by adding more complexing agent,
thereby simply saturating the more attractive cation, but since those agents are
non-volatile and thus are incorporated in the xerogel film,[7>X3%1 theijr
concentration should be kept as low as possible. Some of them severely impinge
the performance of the oxide thin film because they decompose incompletely
during the oxidation step, resulting in persistent and disturbing carbon impurities
in the metal oxide thin films,[2#61[262112751[276],[280]

The first example of such an improper precursor combination was the attempt to
synthesize an ethanolic CuAlO, sol by dissolution of the separately soluble
precursors Cu(OH), and alumatrane. Within seconds a white precipitate formed,
which could be identified as AIOOH. Obviously the coordination by TEA molecules

|3+

could not protect the AI’™ from the malicious hydroxide ions. For this reason for

all further sol syntheses copper acetate was chosen as the Cu®* precursor.

Doping being necessary in order to improve the performance of CuCrO, (see
section 5.3.3.2), the chromium ions were partially replaced by divalent ions. This
was supposed to increase the concentration of holes for p-type conductivity.
During synthesis of doped copper chromium sols a very special problem
appeared. At dopant concentrations of more than 2.5 %, the standard procedure
of dissolving the copper(II) acetate monohydrate in ethanol with organic additive
and adding chromium(III) acetate monohydrate together with the dopant
thereafter, failed. Instead of a clear sol, a weighty amount of precipitate formed,
much larger than the added amount of dopant precursor, no matter whether this
was magnesium acetate, calcium acetate or zinc acetate. Further analysis of this
precipitate revealed that it mainly consisted of copper compounds (data not
shown). From separate solubility experiments without the chromium precursor as
well as the comparison to the undoped sol it can be concluded that the copper
ions have the lowest affinity for the stabilizing additive molecules by far. Thus
they precipitate from the sol, even though the addition of another 2.5 % of
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dopant when raising the doping concentration from 2.5 to 5 % might appear as a
tiny and rather insignificant alteration of the sol composition.

In order to obtain competitive resistivity values for the CuCrO,, this setback had
to be overcome. The first idea was to further increase the concentration of
organic additive, but this measure could only delay the formation of the
precipitate for a few days. Finally, sols with higher dopant concentrations became
available by the use of fresh chromium(III) acetate monohydrate from supplier
WAKO instead of the aged batch from Ventron. Since Ventron does not exist any
more, no further informations about stabilizers and other ingredients of their
product are available. A plausible explanation could be different stabilizers in the
two chromium acetate batches. The dopant ions could have a higher affinity for
the additives of the Ventron precursor, denuding the Cr** ions. In return the Cr**
ions do abstract the complexing agent molecules from the Cu?* ions, which then
precipitate from the sol. However, this explanation requires highly specific
affinities of the different cations for a certain coordination sphere, because
otherwise the dopant ions might also be able to directly denude the Cu®* ions
without the detour via the Cr’* ions. But as already mentioned, a separate
solubility experiment revealed that this was not the case.

5.1.3 Applicability of the sols

The successful synthesis of a sol not necessarily results in homogeneous sol
powders or thin films of the intended composition. The formation of
agglomerates or even precipitates can impoverish the sol in one of the
constituents, which then results in separated domains of the involved cations.
Most probably this will lead to a phase separation also in the final product.l***]
Moreover, factors like volatility and wettability may affect the processing of a sol.

5.1.3.1 Sol stability

Long-term applicability of a sol is one of the decisive criteria for its industrial
deployment. Stability for several days to a few weeks may be sufficient for
research and development, but for professional use it needs to be increased to at
least several months.?**! Not all of the sols listed in section 4.3 were investigated
over such a long period of time. Some of them were evaporated to dryness in
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order to obtain sol powder for powder sintering experiments (see section 5.2),
and if these powder experiments failed to yield the delafossite phase, then the
corresponding sol composition was cancelled.

Only one of the stored sols had a stability range of less than one week. This
CuAlO, sol had one unique characteristic: It was the only sol based on aluminum
isopropoxide instead of alumatrane. Obviously the isopropoxide anions get
protonated by the solvent propionic acid, and the new coordination sphere,
consisting in propinoic anions and acid molecules, is unable to prevent the
formation and finally precipitation of aluminum oxide.

Several other sol compositions collapsed within two to four weeks. Dark green
crystals grew on the bottom of the CuFeO, sol after it had been used several
times. Stirring the sol at 50 °C for half an hour could redissolve the crystals, but
they returned immediately after the sol had cooled down to room temperature
again. Hence the fresh sol seemed to be close to the solubility limit of the
constituents, but after several uses some solvent had evaporated, pushing the
sol concentration beyond this limit. An analogous CuFeO, sol with a
concentration of 3 % instead of 6 % oxide yield therefore might be stable.

A white opaque film precipitated on the bottle walls of the ethanol-based CuYO,
sol. Its colour clearly indicated that no copper was incorporated. The material
could not be isolated for thorough characterization, though, but since it did not
dissolve again after stirring and heating, it seemed rather unlikely to be yttrium
acetate. Probably hydrolysis and condensation reactions with traces of water in
the solvent led to the formation of insoluble Y,0s.

All other sols with a lifetime of less than three months were copper chromium
sols, doped copper chromium sols or sols for the synthesis of quaternary oxides
containing copper and chromium. Remarkably, all these unstable sols were based
on the old chromium(III) acetate monohydrate from Ventron, whereas other sols
of similar composition, but based on the new Wako precursor, remained stable
and applicable for more than one year. This behaviour corresponds to the
difficulties in synthesizing a highly doped CuCrO, sol based on the acetate from
Ventron (see section 5.1.2). Both findings indicate that there is a significant
difference between the two chromium acetates, which can either be an additional
stabilizer in the precursor from Wako, preventing the formation of precipitates, or
an additional compound in the Ventron educt that is causing the precipitation. As
already mentioned in section 5.1.2, it is almost impossible to distinguish between
these two possibilities, since Ventron does not exist anymore.
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In further accordance with section 5.1.2, doped CuCrO, sols collapsed much
faster than the undoped ones. Frequent use of a sol for coatings seems to have
accelerated the decay, which probably is the result of three collaborating effects:
During the coating procedure the sol is handled in an open container, which
allows the sol to interact with the atmosphere in the coating chamber. On the
one hand this enables the evaporation of solvent, thereby increasing the sol
concentration. Especially the ethanol-based sols might suffer from this problem
when fequently used. On the other hand humidity from the chamber atmosphere
may get absorbed by the sol and promote objectionable hydrolysis reactions
therein, which lead to the growth of metal oxide clusters. The third effect results
from the fact that the thin films were deposited as multiple layer coatings. If an
already coated sample gets dipped into the sol again, oxide crumbs sprouted up
from the edges of the sample may get drained into the sol during withdrawal and
can potentially act as initial nuclei of a precipitate.

5.1.3.2 Sol processing

All sol compositions being based on the expertise of the Fraunhofer ISC in
coating glass, no failures in thin film deposition due to wetting troubles had to be
observed. Homogeneous gel films could be deposited both on borosilicate and
fused silica substrates, as well as on substrates coated with platinum or ITO
coatings for diode stuctures (see section 5.4).

Nevertheless, another coating problem occurred during the oxidation step of
several Al-containing sols. Although the gel films appeared uniform, after
oxidation undulated horizontal stripes of slightly different color became visible.
The higher the aluminum share of the intended delafossite composition, the
more intense and more frequent the lines occurred. For the sols with an oxide
yield of 6 % the problem was even more severe, at the edges of the lines oxide
particles formed, which delaminated from the glass substrate. Both phenomena
could be attenuated by reducing the withdrawal speed, thereby also lowering the
single layer thickness. For the CuAl;,Cr,O, sols with an oxide yield of 3 % and a
chromium share x > 0.4 the stripes completely vanished at moderate withdrawal
speed.

The latter observation implies that a too large deposition rate was the reason for
the occuring inhomogeneities and delaminations by causing runs during the
drying step and too much strain in the oxidized single layers.?*! Since the Al
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precursor alumatrane is able to release the highly viscous compound
triethanolamine when being hydrolized, a higher aluminum share also increases
the viscosity of the sols. In turn the viscosity directly determines the deposition
rate of a sol via the Landau-Levich equation.!2*}30!]

A further hint towards the causative influence of the sol viscosity is given by the
observation that the defects appeared more frequent for sols based on propionic
acid, which have a higher kinematic viscosity than sols based on ethanol.2%! For
example, the CuAlO, sol based on cupric acetate, alumatrane, ethanol and EAH
had a kinematic viscosity of 3.65 mm2/s, whereas replacing the latter two
ingredients by propionic acid led to a viscosity of 8.21 mm2/s. The third member
of this series of CuAlO, sols with an oxide yield of 6 % reveals the considerable
influence of organic additives on sol viscosity. The solvent combination of
propionic acid and EAH resulted in a viscosity of 13.4 mm2/s and the highest
density of defects of the corresponding thin film samples. All in all the sols with
high aluminum share required a fine tuning of sol concentration and withdrawal
rate in order to enable deposition of passable delafossite thin films.
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5.2 Powder experiments

Thin films deposited by sol-gel processing have a characteristic drying and
sintering behaviour. Chemical reactions in the course of film deposition and
annealing are affected by the large ratio of surface to volume and by the two-
dimensional strain caused by the adhesion to the plane glass substrate. In
comparison to sol-gel powder, the concurrence of both phenomena may result in
different crystallite morphology, texture and size. Moreover, the formation of
crystalline phases can be retarded and the conditions for phase transitions can
be shifted to higher temperatures, which is both related to the rigidity of a thin
film compared to loose powder. Beside these microstructural effects, this is also
very likely to constrain the densification of the thin films,[2451[24611262],[303]

Bearing in mind that all of these phenomena could occur and alter the behaviour
of the sol when being processed into thin films, the findings obtained from
powder experiments can give a general insight into the basic reactions and
correlations nevertheless. This is even encouraged by the complementary
assortments of analytical methods for thin films and powders.

5.2.1 Powder generation

Despite the rather harsh conditions used for rotational evaporation of the sols,
not all of the resulting “sol powders” really had a powdery appearance. Obviously
some of the low-volatility and highly viscous organic compounds persisted due to
their high boiling point. For example, triethanolamine has a boiling point of
360 °C at 1013 mbar,°% which means that 25 mbar and 150 °C were insufficient
to evaporate this compound. The increase of the greasiness with increasing
aluminum content in a series of CuAl;,,O, sol powders is a direct hint that TEA,
which was not only introduced as an additive, but also by the aluminum
precursor alumatrane, might be responsible for the sticky and viscous manner of
several “powders”.

In contrast to that, sols without TEA yielded homogeneous flaky, powderous sol
powders. This was not only true for sols based on propionic acid and acetate
precursors like the lanthanide-containing sols, but also for ethanol-based sols
with the additive EAH, whose boiling point is significantly lower than that of TEA.
Depending on the M** ion, all powders had a dark blue or green color.
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Undoubtedly, the rotational evaporation at elevated temperature in vacuum
largely differs from the drying of a gel thin film at ambient conditions. Hence the
composition of both the sol powder and the xerogel film may have the correct
cation stoichiometry, but the organic components and the degree of metal oxide
formation due to hydrolysis and condensation reactions are different. The
resulting limitation of comparability between powders and thin films can partially
be overcome by using “film powder” instead of “sol powder”. Film powder is
fabricated by scratching off dried xerogel thin films from coated substrates. Thus
these powders reflect the drying of the sol in thin film shape at ambient
conditions and the thin film composition, but the influence of the strain forces on
the sintering behaviour is still neglected. Scratching off sintered oxide films
instead of sintering film powders would also allow the use of powder
characterization methods and even include the thin film influence on sintering.
But the fabrication of such a powder would be even more tedious than the
laborious fabrication of usable amounts of film powder, and in the case of oxide
films with good hardness, adhesion and wear resistance it would simply be
impossible. 246112621

For the comparison of “sol powder” and “film powder” the behaviour of
corresponding samples of different undoped CuAlO, sols was investigated. The
results (see section 5.2.2.1) implied that the additional efforts for film powder
fabrication were unneccessary and the experiments on film powders were not
pursued.

5.2.2 Phase development during decomposition

The purpose of the powder experiments was to elucidate the chemical reactions
and phase transformations during the sintering procedure. Accordingly the
thermal annealing steps were optimized for the formation of phase pure
delafossite. The insights gained were supposed to pave the way for the
subsequent delafossite thin film preparation.

Three different methods were used for the examination of the sintered powders:
Combined thermogravimetry and differential thermal analysis were supposed to
give a general impression of the reaction steps occuring and to reveal the
temperature domains thereof, thereby setting the temperature steps for the
sintering of powder samples. Supplementarily, the composition and
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decomposition of the organic components of the powders were studied by
infrared spectroscopy. The resulting crystalline inorganic compounds were
identified by their powder X-ray diffractograms.

5.2.2.1 Copper aluminum oxide

CuAlO, being the only compound with delafossite structure that already had been
synthesized via genuine sol-gel processing at the beginning of this work,!*17] it
also constituted the starting point of this experimental series. The basic
experiments in this system were conducted with the powder obtained from the
sol based on aluminum isopropoxide, copper(Il) acetate and the solvent
propionic acid. The results of TG/DTA of this powder are given in figure 5.2.
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Figure 5.2: Results of TG and DTA of an undoped CuAlO, sol powder in air at a
heating rate of 10 K/min.

The DTA graph in figure 5.2 shows an endothermal peak beyond 200 °C,
switches to exothermal at 240 °C and reaches its total exothermal maximum at
340 °C right after a first maximum around 285 °C. At 400 °C the exothermal
reactions have calmed down, and until 1030 °C no further reactions can be
observed by DTA. Finally, another endothermal reaction seems to take place at
1050 °C. The reaction steps observed by the DTA resemble the course of the TG
quite well. The slight mass loss of less than three percent at temperatures below
200 °C can be ascribed to the evaporation of adsorbed solvent molecules and
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water, followed by a endothermal step at 240 °C with a mass loss of another
15 %. Although being endothermal, this step cannot be a simple evaporation of
volatile compounds because, due to the conditions applied for the powder
generation, such volatile compounds should already have evaporated during the
powder preparation. Hence a real chemical reaction must take place in this
temperature range. The kink at 245 °C represents the starting point of a second
decomposition reaction, coinciding with the transition to exothermal DTA signal.
After a total mass loss of 44 % the TG courve shows another kink around
280 °C, which introduces the third reaction step. The end of this step, which is
also accompanied by the exothermal maximum of the DTA courve, occurs at
400 °C, leaving behind slightly less than 32 % of the initial sample mass. Finally,
another percent of mass gets lost during the last reaction step around 1030 °C.
FT-IR spectra of the decomposition products released during the analysis were
recorded at five points in time: 7.0 min, 21.0 min, 25.4 min, 28.9 min and
30.2 min (see figure 5.3), coarsely corresponding to temperatures of 100 °C,
240 °C, 280 °C, 320 °C and 330 °C, respectively.

N 30.2 min

N 28.9 min
U 25.4 min

transmittance [arbitrary units]

-CH, ’ \ -CH

s 7.0 min

4000 3500 3000 2500 2000 1500 1000 500
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Figure 5.3: FT-IR spectra of the gaseous decomposition products released
during the thermal analysis of CuAIO, sol powder.
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All absorption bands in the FT-IR spectrum recorded after 7.0 min can be
interpreted as valence and bending vibrations of a saturated alkanoic acid®"!
(see figure 5.3), and the whole spectrum resembles the gas phase spectrum of
propionic acid very well.”%®! Although the boiling point of this compound is
141 °CB* it obviously did not evaporate completely during rotational
evaporation, which indicates a strong physisorption. Propionic acid also seems to
be the major decomposition product in the spectrum recorded after 21.0 min, so
this compound apparently gets released from its coordination to the metal
cations during the first, endothermal and the second, exothermal reaction step.
It still can be detected even after 25.4 min, but carbon dioxide already starts to
emerge and finally becomes the only compound detectable after 30.2 min.

The continuously recorded mass spectrum (data not shown) also proves these
results: The signals m/z = 74, m/z = 57 and m/z = 45, which are typical for
propionic acid,'*® show a significant increase during the evaporation phase
around 7 min, and they are dominant in the first reaction step after 21 min and
also in the second reaction step after 25 min. On the other hand, their
contribution during the third reaction step after 30 min is almost negligible. The
signal m/z = 18 shows three clearly defined maxima between 18 and 33 min,
indicating that water gets released during all three reaction steps. Besides,
m/z = 44 becomes the strongest signal during the second and the third reaction
step, which are both exothermal. Obviously this signal is caused by the
combustion product CO,. The last reaction step around 1030 °C could not be
detected by the MS.

In order to further investigate the reaction steps during the decomposition,
portions of the sol powder were sintered at several temperatures in four different
atmospheres. The XRD results of the sintering series in air are summarized in
table 5.3. Although the sol was based on Cu®*, cuprous oxide could be detected
in the samples annealed at 200, 300 and 400 °C (see figure 5.4). These
temperatures are far too low to explain the reduction of the copper(II) ions by an
entropy-driven shift of the equilibrium reaction

2CU0O S Cu,0+ 1720,

to the right.[2%>3%"]
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Table 5.3:  Phases detected by XRD in sol powder samples based on aluminum
isopropoxide, which were sintered at different temperatures in air.
Bold: major compound; normal font: secondary compound;
contoured: only traces.

Temperature Phase composition
[°C]
200 Cu,0
300 Cu Cu,0 CuO
400 Cu,0 CuO
550 CuO
700 CuO CuAl,0,
820 CuO CuAlLO,  corundum
940 CuO CuAl;0, corundum
1060 Cull,0s  corundum  CuAlO;

Since there were no other potentially reducing agents and the atmosphere was
oxidizing, only the organic components of the sol powder could have enabled this
reduction. In other words, Cu®* acts as an oxidizing agent for these organics
during their decomposition. As can be seen by the sample oxidized at 300 °C,
this reduction goes even further and the cuprous oxide gets at least partially
reduced to metallic copper. These two reduction steps correspond to reaction
step one and two detected by the TG/DTA. Above 300 °C cuprous oxide and
copper get oxidized again, resulting in the formation of cupric oxide as the only
phase detectable by XRD in the 550 °C sample (see figure 5.4). The strongly
exothermic reaction step three in the DTA at least partially must be due to this
oxidation. These reaction steps are in perfect agreement with the observations of
Patrick et al.l*®®) made in sintered samples of their sol powder.
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Figure 5.4: XRD patterns of four CuAlO, sol powder samples based on
aluminum isopropoxide. Samples a, b, c and d were sintered in air
at 200, 550, 820 and 1060 °C, respectively. The peaks indicated
correspond to Cu,O (#), CuO (V¥),the spinel phase CuAl,O, (m),
corundum (A) and CuAlO, (O).

The next transformation occuring is the crystallization of the spinel phase
CuAl,O4. This crystallization could not be detected by the DTA, which is in
accordance with the DTA of Selim et al.*%”! The crystallization of small amounts
of corundum around 800 °C (see figure 5.4) are not detected by the DTA either.
Concurrently, the amount of spinel increases with increasing temperature, until
the transformation to CuAlO, according to the equations

2 CuO + AlL,O; 5 2 CUuAlO, + 2 0,
CuO + CUA|204 s2 CUA|02 + 12 02

above 1000 °C sets in. This transformation corresponds to the last reaction step
around 1030 °C detected by TG and DTA.”®”! Since DTA revealed that this
reaction step was slightly endothermal,!*”! the increase of entropy by release of
gaseous oxygen seems to be its driving force. But even though the delafossite
phase CuAlO, could successfully be obtained by sintering in air, the need of more
than 1000 °C is a huge obstacle, especially for thin film deposition and industrial
application. The main reason for this high transformation temperature seems to
be the wrong oxidation state of the copper ions, which is also determined by the
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oxygen partial pressure. Therefore sintering atmospheres with lower oxygen
partial pressure were tested next.

All experiments between 400 and 700 °C in forming gas atmosphere resulted in
the formation of metallic copper as the only phase detectable by XRD (data not
shown). This indicates that the small share of hydrogen in the forming gas is
able to reduce all Cu* and Cu®* ions to metallic Cu even at 400 °C, which
prevents the formation of ternary oxide phases. Nevertheless, the reductive
power of the organics still seems to play an important role for the completion of
the reduction because Patrick et al.l’®? actually were able to synthesize CuAlO,
by annealing of preoxidized sol powders in forming gas atmosphere.

Compared to the samples solely sintered in air, subsequent annealing in air after
forming gas treatment between 200 and 400 °C did not reveal any differences in
phase development at elevated temperatures. This means that the whole metallic
Cu gets oxidized to oxidation state +II at 400 °C in air, which is in accordance
with the phase diagram of the system copper-aluminum-oxygen.2%! Therefore
the effect of the reductive pre-treatment gets annihilated by the oxidative second
annealing step.

Since annealing in forming gas had reduced the Cu ions too far and sintering in
air, on the other hand, suffered from the high oxygen partial pressure, an
intermediate between these two had to be found. So the samples of the next two
series were sintered in argon atmosphere and water vapour between 400 and
700 °C. Whereas argon is supposed to behave completely inert, the water vapour
could have an influence on hydrolysis and condensation reactions during the
decomposition of the organics. But even though no gaseous reducing agent was
available in these series, both resulted in metallic copper again. According to XRD
(data not shown) the last traces of Cu,O were reduced in argon atmosphere at
550 °C. These results support that not only gaseous agents, but also the organic
compounds in the powder may reduce the copper during their decomposition. In
other words, Cu** and Cu* act as oxidizing agents for the organic compounds of
the powder also in inert gas atmosphere. But in contrast to sintering in air, after
this decomposition step there is no more oxygen available to reoxidize the
copper again and metallic copper remains the final product of the sintering
process. Consequently, no delafossite phase is obtained. TG/DTA of the powder
in argon atmosphere (data not shown) confirms this result: The decomposition of
the organic components starts around 200 °C, proceeds via three different steps
and is finished around 400 °C. In contrast to the analysis in air, this sample
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shows no more transformation at higher temperatures. Furthermore, an exact
comparison of the results of TG in air and argon reveals that in air 30.9 % of the
initial mass remain, whereas only 29.7 % persist the analysis in argon
atmosphere. This again indicates that the copper is reduced to its metallic state
during the decomposition of the organics, but due to the lack of oxygen in inert
gas atmosphere it cannot be reoxidized for the formation of the delafossite
phase, which results in a lower residual sample mass. Similarly, Kakehi et al.l!*]
obtained a mixture of metallic copper and scandium(III) oxide when sintering
their bulk materials in inert gas atmosphere, even though their starting material
was purely oxidic.

As it had turned out to be impossible to adjust the oxidation state of the copper
ions to +I and expel the organic components of the powder at the same time, a
two-step sintering procedure had to be adopted in order to lower the synthesis
temperature. First the organics were oxidized in air between 200 and 400 °C,
resulting in different mixtures of oxidation states of the copper ions (compare
table 5.3). Afterwards, the samples were annealed in inert gas atmosphere at
temperatures up to 900 °C.

Since the oxidation step determines the oxygen content of the samples, it had an
decisive influence on the resulting phase composition. The samples that had
been oxidized at 200 °C again consisted of metallic copper after sintering in inert
gas atmosphere. Obviously the amount of residual organics in these samples was
still sufficient to reduce the copper ions. For the samples preoxidized at 300 °C
the organic content was slightly lower, and not all copper ions were reduced
during its decomposition. Some of the Cu® ions persisted at all annealing
temperatures, and small amounts of the delafossite phase could be detected
after annealing at 900 °C. Compared to single-step thermal annealing in air this
represents a decrease in synthesis temperature of almost 150 °C, which can be
explained by Le Chatelier’s principle. After complete decomposition of the organic
components (compare figure 5.2), again the following reactions had to be shifted
to the right:

2 CuO + AlL,O3 5 2 CUuAIO; + 2 O,

CuO + CuAl,04 5 2 CUuAlO; + 2 O,
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But in contrast to the single-step sintering in air, the partial pressure of oxygen is
close to zero in inert gas atmosphere, and every oxygen molecule released by
the reactions is removed by the inert gas stream, sustaining the low oxygen
partial pressure. This strongly affects the equilibrium conditions of the
reactions, 1230813091 ghifting the equilibria in favour of the delafossite phase.
Therefore inert gas calcination is often wused in delafossite synthe-
sis. [ 1501152111981, [310) Gimyjlar two-step annealing procedures have already been
used for wet-chemical delafossite powder and thin film syntheses!!/[6}[1681311]
and accordingly are the optimum for sol-gel delafossite processing.

Other copper aluminum oxide sols based on Cu®** may show some differences in
the decomposition of their organic components, but the general sequence of
phase transitions must follow the same course. Changing the aluminum
precursor from aluminum isopropoxide to alumatrane slightly altered the results
of TG and DTA (cf. figure 5.2 with figure 5.5). Both curves only show two major
exothermal decomposition steps between 200 and 400 °C, but the combustion of
the organics again seems to be completed slightly above 400 °C. Obviously this
powder contains more organic residues than the powder based on aluminum
isopropoxide, since here only 24 % of the initial sample mass remain after
sintering at 1200 °C instead of 30 % for the first powder. The last reaction step
again occurs at 1030 °C.
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Figure 5.5: Results of TG and DTA of an undoped CuAlO, sol powder in air at a
heating rate of 10 K/min. The sol was based on the Al precursor
alumantrane.
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This increase in organic content of the powder caused by the precursor
alumatrane also affects the phase development detected by XRD in separately
sintered powder samples (see figure 5.6 and table 5.4). In comparison to the
powder based on aluminum isopropoxide this one seems to have more reducing
potential, metallic copper is already the dominant phase in the XRD pattern of
the sample annealed at 200 °C (see figure 5.6a) and it persists until 400 °C. Two
further noticeable differences are the absence of corundum and the persistence
of cupric oxide in the XRD patterns. Possibly the pervading reduction of the
copper enables the formation of larger copper grains, and after reoxidation this
phase separation persists and obstructs the proliferation of the ternary oxides.
Nevertheless, the temperatures for the first apperarance of traces of the spinel
and the delafossite phase are identical to the first powder, which is contradictory
to the findings of Tonooka et al.l'’! They observed significant changes in the
phase development depending on their choice of precursors. In their work,
though, the main differences occurred when switching from organic salts to
inorganic nitrates.
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Figure 5.6: XRD patterns of four CuAlO, sol powder samples based on
alumatrane and the solvent propionic acid. Samples a, b, c and d
were sintered in air at 200, 550, 820 and 1060 °C, respectively. The
peaks indicated correspond to Cu (®), CuO (V¥),the spinel phase
CuAl,0, (m) and CuAlO, (O).
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Table 5.4: Phases detected by XRD in sol powder based on alumatrane and
the solvent propionic acid. The samples were sintered at different
temperatures in air.

Temperature Phase composition

[°C]
200 Cu
300 Cu Cu,0 CuO
400 Cu Cu,0 CuO
550 CuO
700 CuO CuAl,04
820 CuO CuAl,0,
940 CuO CuAl,O,

1060 CuO CuALO,  CuAlO;

Furthermore the influence of the solvent composition on the decomposition
behaviour of alumatrane-based sol powders was investigated. But even though
low-volatile compounds like EAH were added to the sols and therefore are
incorporated in the corresponding sol powders, the courses of the TG/DTA of
both the raw powders and the preoxidized powders in argon atmosphere are
almost identical (see figure 5.7). Merely the total mass loss of the sample slightly
differs. All three preoxidized powders in figure 5.7b show a reaction step at
900 °C, which can be assigned to the designated reaction. Since this temperature
is identical for all three powders, the solvent composition also does not have an
influence on this phase transformation.
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Results of TG of three undoped CuAlO, sol powders based on

different solvents. The analyses were performed in argon at a

heating rate of 10 K/min with the
preoxidation in air at 500 °C (5.7b).

raw powder (5.7a) or after a

The XRD of preoxidized powder samples annealed in inert gas atmosphere also

reveals an almost identical sintering process for all three powders (data not

shown). The Scherrer equation'2313!

L * cos(6) * FWHM = 0.94 A

with © being the Bragg angle, A being the wavelength of the X-rays and FWHM

standing for the full width at half maximum of an X-ray reflex, allows a more

detailed investigation of the crystalline phases by determining their average

crystallite size L. For application of the formula the measured values had to be

corrected for the instrumental broadening,®'? which was measured by an

alumina standard.
As a representative example figure 5.8 shows the development of the crystallite

size of the different crystalline phases of the CuAlO, sol powder based on ethanol

and EAH. The initial Cu and Cu,0 soon get oxidized with increasing temperature,

which results in decreasing crystallite sizes. In return the CuO crystallites grow

continuously with increasing temperature, both in air and even in argon beyond

700 °C. Then the crystallization of the spinel phase sets in and the cupric oxide is

partially consumed, resulting in a decrease of its crystallite size. Traces of the
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delafossite phase already occur at 750 °C, but until 800 °C also the size of the
CuAl,0, crystallites increases, making it the dominant phase at this temperature.
At 830 °C CuAlO, becomes the dominant phase and its crystallite size steadily
increases with increasing annealing temperature. CuAl,O4 reaches its maximum
slightly below 900 °C, but then the delafossite phase takes over and the spinel is
consumed. Nevertheless, small amounts of the spinel phase persist.
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Figure 5.8: Development of the crystallite sizes of the phases detected in
sintered CuAlO, sol powder based on ethanol + EAH. The values
were calculated by the Scherrer formula from the FWHM of X-ray
reflexes. Samples up to 600 °C were annealed in air, whereas the
samples beyond were oxidized at 500 °C and then sintered in argon
atmosphere.

The results of the powders based on other solvent compositions were almost
identical, both regarding the course and the values of the crystallite sizes. Since
the effect of the organic solvents on the phase development is negligible, their
optimization can be geared to processing aspects like substrate wetting.

Ghosh et al.***! have also tested various solvent compositions in their sol-gel
synthesis of CuAlO,. In contrast to the present study they also used water as a
component in their sols. This inorganic component of course does not have any
reductive power and thus the water content of the sols had a more severe
impact on the persisting impurities in their experiments.

The three sols also were used for a comparison between the sintering behaviour
of the sol powder and so-called film powder, generated by dip-coating a



5.2.2 Phase development during decomposition

floatglass substrate, drying and finally scratching off the xerogel film. Due to the
laborious synthesis of the film powder, the experiments were confined to
oxidation in air at 500 °C and subsequent annealing in inert gas atmosphere at
830 and 920 °C. Neither the oxidized samples, nor the sintered ones exhibited
large differences in TG/DTA or XRD (data not shown) compared to the
corresponding sol powder. In contrast to this, fundamental differences between
sol powder and film powder have been observed in other sol gel systems like
titania.[?®?! But in these other systems the cations retain their state of oxidation
right from the sol precursor to the final crystalline oxide. Metal oxygen bonds
that are already formed by hydrolysis and condensation during drying of the
xerogel film and thus are affected by strain forces outlast the single annealing
step for oxidation of the organics and crystallization of the material.

In contrast to that the copper aluminum system undergoes numerous phase
transitions during thermal annealing, which also involve changes of oxidation
states. Thus the metal oxygen bonds are transformed several times, which evens
out the differences between sol powder and film powder. Nevertheless, strain
and unidirectional densification also may affect these transitions, but even the
film powder never experienced these effects during oxidation and sintering.
Hence it is very likely that neither the sintering behaviour of CuAlO, sol powder,
nor CuAlO, film powder is a precise approximation of the processes occurring in
strain-affected thin films (see section 5.3).

Finally, also the last component of the sol was exchanged by using copper(I)
acetate instead of copper(II) acetate. The initial idea was to maintain the desired
state of oxidation +I of the copper ions throughout the whole annealing
procedure. However, since even copper(Il) ions were reduced to metallic copper
during thermal annealing in air, the preservation of the copper(I) ions appeared
to be almost impossible. Nevertheless, this change of the copper precursor still
may have a beneficial effect on the thermal decomposition because it only carries
one acetate ion per copper instead of two. But even though this compound itself
incorporates less organics into the sol, it also requires the addition of 2.2
equivalents of 1,10-phenanthroline for stabilization. TG data of the corresponding
sol powder (see figure 5.9a) indicates that the total mass loss after annealing in
air is 85.4 %, which is more than 9 % higher than the mass loss of all sols based
on copper(II). Hence the use of copper(I) acetate massively increases the
organic content of the sol powder by the coordinate organic ligands.
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Figure 5.9: Results of TG and DTA of the undoped CuAlO, sol powder based on
copper(I) acetate. The analyses were performed in synthetic air
(figure 5.9a) or argon atmosphere (figure 5.9b) at a heating rate of
10 K/min.

The mass loss during TG in argon atmosphere is slightly lower (see figure 5.9b),
even when compared to the value in air before the last reaction step at 1030 °C
occurs. It can be concluded that the decomposition of the organic components in
argon atmosphere is less complete, probably residual carbon remains due to a
lack of oxygen for its oxidation. This interpretation gets confirmed by the
considerably less exothermic course of the DTA graph. According to XRD of
separately sintered powder samples (see figure 5.10) thermal annealing in argon
atmosphere again results in a mixture of Cu and Al,Os. This mixture contains less
oxygen than the delafossite phase, and thus during TG the mass loss for its
formation should be bigger instead of smaller than for the delafossite formation
in air. Consequently, the amount of residual carbon in the sample analyzed in
argon atmosphere must be rather high to cause an inverse effect. Since more
organics had to be oxidized, the lack of oxygen and other oxidants seems to be
more severe than in copper(II) sol powders.

1200

heat flow [uV/mg]



5.2.2 Phase development during decomposition

75

T -
c
>
>
S o
E
: k
S
= C
2 1 ) ye 1060 °C
£ 1b I 700 °C

la

) . 550 °C
T T T T T T T T T T T
10 20 30 40 50 60 70
20 [

Figure 5.10: XRD patterns of three sol powder samples based on copper(I)
acetate. The samples were sintered in argon atmosphere at 550 °C
(sample a), 700 °C (sample b) and 1060 °C (sample c). The peaks
indicated correspond to metallic Cu (®).

FT-IR of the gaseous decomposition products during the TG/DTA analysis in air
(data not shown) could only detect two different compounds: ethanol around
6.7 min and CO, by 29.6 min. The course of the connected MS (data not shown)
featured three major reaction steps, just like the TG. Lasting from 9 min to
17 min, the first step is dominated by the release of water (m/z = 18) and the
typical decomposition products of ethanol (m/z = 46, 45 and 31)%°], Besides
water the two following steps from 23 min to 31 min and from 39 min to 56 min
mainly comprise the characteristic signals of carbon dioxide (m/z = 44, 22 and
12)%%%1, So the evaporation of residual solvent and adsorbed water seems to be
followed by a stepwise, but complete combustion of the organics. Characteristic
decomposition products of 1,10-phentanthroline could not be detected,®*! which
must be due to the method of combined TG/DTA and FT-IR/MS analysis. Larger
fragments do not manage to get on to the stage of MS, but are already
decomposed at earlier stages.

As the choice of precursors had only little effect on the phase development,
another method for compositorial manipulation was investigated. Deviations from
the ideal aluminum to copper ratio of 1 to 1 are reported to have a positive
influence on the charge carrier density by increasing the number of intrinsic
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defects in the delafossite. Copper excess led to a decrease of the resistivity of
CuAlO,, whereas aluminum excess increased the transmittance of the
material. 133 115711%5] Moreover, such deviations also have an effect on the phase
transitions during sintering.!53/[157111671[31511316] Bagide promoting or inhibiting
phase separations, this influence of the non-stoichiometry might be due to slight
shifts of the equilibrium reactions mentioned above according to Le Chatelier’s
principle. Therefore an excess of aluminum should promote the formation of the
spinel phase and thereby retard the crystallization of delafossite, whereas an
excess of copper could help to completely extinguish the spinel. Nevertheless,
phase diagrams clearly indicate that even slight deviations might lead to the
formation of phase impurities.[>%/37]

Actually, alteration of the cation ratio did not affect the course of the TG and
DTA in air (data not shown) at all. The small deviations occurring were not
systematic, close to the error of measurement and could be due to slightly
different conditions during rotational evaporation of the sol. Especially TG
showed that the last reaction step beyond 1000 °C, which is assumed to be the
transformation into the delafossite phase, occurs at the same temperature for all
cation ratios.

For the sake of simlicity of these preliminary tests were confined to one-step
thermal annealing in air. The consequences of the stoichiometric deviations for
the crystalline phases detectable by XRD are completely straightforward. During
oxidation of the organics elemental copper is formed at 300 °C (data not shown),
and the lower the Al/Cu ratio, the more intense the corresponding copper peaks
become. After reoxidation at elevated temperatures CuO and CuAl,O, become
the dominant phases (data not shown), whose ratio directly mirrors the Al/Cu
ratio. Higher aluminum content promotes the spinel phase, whereas low
aluminum content favors the crystallization of CuO. At a sintering temperature of
1100 °C in air the delafossite phase is formed, accompanied by some impurities,
namely CuO and spinel. XRD patterns of these samples in figure 5.11 show that
the amount of impurities and also the type of impurity depends on the cation
ratio. The higher the Cu share, the more intense the peaks of copper(II) oxide
become. At high aluminum shares analogically the intensity of the spinel peaks
increases, making CuAl,O4 the dominant phase in the samples with Al/Cu > 1.3.
This transition especially becomes evident by the competition of the delafossite
reflex at 31.5° and the spinel reflex at 31.1° (see figure 5.11). All in all the
powder experiments with non-stoichiometric cation ratios could not validate a
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positive effect on the phase transitions, but revealed an increased formation of
impurities even for slight copper or aluminum excess.
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Figure 5.11: XRD patterns of four sol powder samples sintered in air at 1100 °C.
The Al/Cu ratio in the powders were 0.83 (sample a), 1.1 (sample
b), 1.3 (sample ¢) and 1.5 (sample d). The peaks indicated
correspond to CuAlO, (O), CuO (V) and the spinel phase CuAl,O4

(m).

Thus the stoichiometric deviations strongly interfere with the phase purity of the
resulting delafossite and hence cannot be expected to improve its electrical and
optical properties significantly. On the other hand, extrinsic doping of delafossites
by partially replacing the trivalent cation by a divalent one has led to a
remarkable decrease of their resistivity,*>/ 5711541 3181B19) 1y 1t efficient doping of
CuAlO, proved to be rather difficult. Instead of being incorporated into the
CuAlO, lattice homogeneously, the dopant cations lower the crystallite size and
quality!*®! of the delafossite or form phase impurities like CaO and CaAl,0,2%! or
MgAlL,O, and Cu,Mg0s;,”*! although some theoretical calculations are quite
promising.?**32%! In order to investigate the influence of Ca** and Mg** on the
phase development of sol-gel processed CuAlO,, sols with three different dopant
concentrations each were included in the powder sintering experiments.

The results of TG and DTA of the doped sol powders (data not shown) strongly
resembled the results of their undoped counterpart, the tiny deviations were in
the range of the error of measurement. Obviously the dopant concentration of
maximum 10 % is too small to cause remarkable changes in the course of the
analysis.
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Figure 5.12: XRD patterns of three sol powder samples sintered in air at

1060 °C. Sample a was undoped, whereas samples b and c were

doped by 10 % of calcium and magnesium, respectively. The peaks

indicated correspond to CuAlO, (O), CuO (V¥), the spinel phases
CuAl,0,4 and MgAl,O4 (both m) and CaAl,0O; ().

On the other hand the influence on the emerging crystalline phases could be well
detected by XRD (compare figure 5.12). Both dopants retard the formation of the
ternary oxides CuAl,O4 and CuAlO,, both in air as well as in argon atmosphere.
For example, an Mg concentration of 10 % completely prevented the formation
of the delafossite phase in the sample sintered at 1060 °C in air. The
corresponding XRD patterns are given in figure 5.12. The influence of the larger
Ca®* ions seems to be even more severe than of Mg?*. This corruptive effect of
the dopants on the crystallization of delafossite is in accordance with the findings
of Sadik et al.®'® for Mg-doped CuCrO,, but exactly contradictory to the results
observed by Li et al.®'! in the same system. Moreover, at temperatures above
900 °C the undesirable compound CaAl,O; could be detected in samples with
more than 2 % Ca. Mg-containing impurities are more difficult to detect because
the most likely compound is MgAl,O4, which also has got spinel structure and
whose reflections are almost identical with those of the spinel compound
CuAlL,0,.%®1 Tt is conceivable that the reflexions detected belong to a mixed form
of the two spinel phases. These results indicate that the amount of dopant ions
incorporated into the delafossite phase CuAlQ, is rather low, and the introduction
of extrinsic dopants in this system brings about severe drawbacks.
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5.2.2.2 Copper chromium oxide

Copper chromium oxide is still the compound with the lowest resistivity among
the oxides with delafossite structure,®” and early experiments on this material
gave an indication that this ternary oxide might crystallize at lower temperatues
than CuAlQ,.!!38B321323] Hance CuCrO, was the second material to be investigated
systematically by a powder sintering series. In consideration of the results
obtained for CuAlO,, either combined oxidation and crystallization in air or
oxidation in air and subsequent annealing in inert gas atmosphere seemed to be
the most promising sintering procedures.
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Figure 5.13: Results of TG and DTA of an undoped CuCrO, sol powder in
synthetic air at a heating rate of 10 K/min.

Due to the solubility of the precursor chromium(III) acetate monohydrate only
sols based on the solvent ethanol could be synthesized (see section 5.1.1.3). The
results of TG/DTA of a corresponding sol powder in synthetic air are shown in
figure 5.13. After an initial evaporation of remaining solvent and adsorbed water
by 190 °C, the combustion of the organic components is initiated. This oxidative
decomposition is strongly exothermic, and slight fluctuations both in the course
of TG and DTA indicate an overlap of several decomposition steps in the
temperature range between 200 and 400 °C. TG finally shows a last reaction
step at 850 °C, in which the total mass loss is further increased from 70.0 % to
71.5 %. This reaction step could barely be detected by DTA. From the results of
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the CuAlO, experiments (see section 5.2.2.1) it can be presumed that this final

weight loss corresponds to the formation of the delafossite phase CuCrO,.
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Figure 5.14: XRD patterns of three CuCrO, sol powder samples. Samples a, b
and c were sintered in air at 300, 550 and 940 °C, respectively. The
peaks indicated correspond to CuO (V¥),the tetragonal spinel phase

CuCr,04 (m) and CuCrO, (O).

Table 5.5:  Crystalline phases detected by XRD in CuCrO, sol powder samples,
which were sintered at different temperatures in air.
Temperature Phase composition
[°C]
200 Cu Cu,0 CuO
300 CuO
400 CuO
500 CuO Cr,03 CuCr,0,
550 CuO CuCr,0,
700 CuO CuCr,0,
820 CuO CuCr,0, CuCrO,
940 CuCry0g  CuCrO,
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Small portions of the sol powder were sintered in air in a muffle furnace and
analyzed by XRD afterwards. The results of this series are given in table 5.5.
Starting off with a reduction of the copper(II) precursor to metallic copper at
200 °C, the whole sintering of the CuCrO, sol powder proceeds via the same
steps as for CuAlO, sol powder. Merely the temperatures required for the
different transitions seem to be at least 100 °C lower. For example, the
reoxidation of the copper is already completed at 300 °C (see figure 5.14), and
the spinel CuCr,0, is taking over between 500 and 550 °C instead of 820 °C for
CuAl,O,. Eventually, the delafossite phase CuCrO, occurs at 820 °C, refining close
to phase purity at 940 °C (see figure 5.14c). This confirms that the weight loss
detected by TG at 850 °C is caused by the release of oxygen according to the
equation

CuO + CuCr,04 5 2 CuCrO, + 2 O,

which is completely analogous to the copper aluminum system. The decrease of
the sample weight from 29.6 to 28.1 % of the initial sample mass detected by TG
precisely resembles the weight loss to expect for this reaction.

Since preoxidation of the organic components and consecutive annealing in inert
gas atmosphere had required lower temperatures for the synthesis of CuAlO,
than sintering in air, similar experiments were also conducted with CuCrO, sol
powder. Preoxidation was performed at 300, 400 or 500 °C. CuCrO, already
became the dominant phase after annealing in argon atmosphere at 700 °C, and
higher annealing temperatures could not increase the phase purity even further.
Direct comparison of the three oxidation temperatures by the XRD of the samples
annealed at 700°C is shown in figure 5.15. Apparently there is an increase of the
spinel impurity with increasing oxidation temperature, which can be explained by
the crystal growth of CuO and CuCr,0, during oxidation. The lower the oxidation
temperature, the smaller these crystallites remain, and the smaller these
crystallites are, the easier they can be transformed into CuCrO,. Large crystallites
resemble some kind of microscopic phase separation, which inhibits delafossite
formation.
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Figure 5.15: XRD patterns of three CuCrO, sol powder samples sintered in argon
atmosphere at 700 °C. Samples a, b and ¢ were preoxidized at 300,
400 and 500 °C, respectively. The peaks indicated correspond to
CuCrO, (O), CuO ('¥) and the spinel phase CuCr,04 (H).

The difference in synthesis temperatures of CuAlO, and CuCrO, of roughly
200 °C is a big advantage of the copper chromium system. It can be attributed
to the high affinity of aluminum for oxygen, which also manifests itself in the
strongly exothermic standard formation enthalpy of Al,O; of -1676.7 kJ/mol,
compared to -1134.7 kJ/mol for Cr,05.1! Every phase transition is accompanied
by a rearrangement of bonds, and the strong Al-O-bonds resemble a higher
barrier for this rearrangement than the weaker Cr-O-bonds. Hence both the
spinel phase and the delafossite phase form at lower temperatures in the copper
chromium system.

5.2.2.3 Copper yttrium oxide

Especially due to its dopability, CuYO, is another promising candidate in the field
of p-type TCOs.[35112011[21011222[32401325] The applicability of this material has
already been proven by several functioning transparent p-n junctions.!>>/¢7]
Unfortunately, phase diagrams and earlier works indicate that the synthesis of
CuYO, in air may require temperatures beyond 1100 °C,132B32611327] and even in
oxygen-free  atmosphere  temperatures beyond 1000°C may be
necessary,13711203132511328] \yhich is far from the stability range of any industrially
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attractive transparent substrate. Nevertheless, it was attempted to synthesize

this compound via wet-chemical processing.['>!3%]
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Figure 5.16: Results of TG and DTA of an undoped CuYO, sol powder in
synthetic air at a heating rate of 10 K/min.

TG of the CuYO, sol powder (see figure 5.16) shows a weight loss of 3.6 %
below 100 °C, which can be assigned to evaporation of adsorbed water. Residual
solvent cannot be the reason since the solvent propionic acid has a boiling point
of 141 °C,**! and combustion of organics should cause an exothermal peak in
the DTA instead of the slightly endothermal kink observed. Exothermal oxidation
reactions start off at 220 °C and proceed via two distinct reaction steps at 270 °C
and around 400 °C, the latter obviously being subdivided into two overlapping
reaction regimes. Finally, the DTA indicates another reaction step at 1130 °C,
which appears to be slightly endothermal. TG also shows all these reaction steps,
but does not resolve the overlap of two different reactions around 400 °C.
Combustion of the organics leaves behind 35.5 % of the initial sample mass,
which is reduced by another 1.2 % in the last reaction step at 1130 °C.
Supported by the temperatures given in the literature,®2*13261327] this |oss again
can be interpreted as the formation of the delafossite phase according to one of
the two equations
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2 CuO + Y,0; 5 2 CuYO, + 2 0,

Cu,Y,05 5 2 CuYO, + 2 0,

even though the weight loss caused by these reactions should be a little higher,
namely 1.5 %.

XRD of sintered sol powder samples (see figure 5.17) again was used to
investigate the emergence and transformation of crystalline phases. The course
of these transitions was fairly different from the observations made in the
systems copper aluminum (see section 5.2.2.1) and copper chromium (see
section 5.2.2.2). At low temperatures sintering in air also led to a reduction of
the copper(II) and the formation of metallic copper (see table 5.6), but in
contrast to the other systems the elemental Cu even endured 400 °C. More than
550 °C were necessary in order to ensure complete reoxidation of the copper,
which can also be related to the TG/DTA. Pobably one of the two overlapping
exothermal peaks detected by DTA around 400 °C was caused by the oxidation
of Cu, and since this reaction causes a slight increase of weight instead of a mass
loss, its effect on the TG gets completely compensated by the concurrent
combustion reactions. Therefore TG indicates only one reaction step between
300 and 450 °C.

1060 °C
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Figure 5.17: XRD patterns of three CuYO, sol powder samples. Samples a, b and
¢ were sintered in air at 300, 700 and 1060 °C, respectively. The
peaks indicated correspond to Cu (e®), Cu,O (¢), CuO (V), cubic
Y,05 (A) and orthorhombic Cu,Y,0s5 ().
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Table 5.6:  Crystalline phases detected by XRD in CuYO, sol powder samples,
which were sintered at different temperatures in air.

Temperature Phase composition
[°C]
200 Cu Cu,0
300 Cu Cu,0
400 Cu Cu,0
550 Cu0 CuO Y,0;
700 CuO Y,0; Cu,Y0s
820 CuO Y,05 Cu,Y,05
940 CuO Y203 Cu,Y,05
1060 Cu,Y,05

At the same time yttrium oxide started to crystallize, but is getting consumed
again by the formation of the ternary oxide Cu,Y,0s beyond 700 °C (see figure
5.17b). The purity of this compound increased with increasing annealing
temperature, becoming phase pure at 1060 °C. No delafossite phase could be
detected by this temperature, which is in agreement with the interpretation of
TG/DTA. However, with respect to the stability range of possible thin film
substrates and in order to prevent reactions between the copper compounds and
the alumina crucible,’**? no higher temperatures could be applied.

The differences in the behaviour during sintering in air of copper yttrium sol
powder on the one hand and copper aluminum and copper chromium oxide on
the other hand is due to the large difference in their ionic radii, which are 53 pm,
61.5pm and 89.2pm for octahedrally coordinate AP*, Cr* and Y,
respectively.®®! Whereas the values of Al and Cr are rather close to the radii of
copper ions, the huge difference between Cu and Y prevents the formation of a
spinel phase of the composition CuY,0,.2*334 Apparently the difference in ionic
radii also makes the delafossite phase thermodynamically less favourable in
comparison to a mixture of the corresponding binary oxides. Representing the
high affinity of yttrium for oxygen, the standard formation enthalpy of Y,0s is
-1930 kJ/mol, 2333331 which is even more exothermic than of AlO;
(-1677 k3/mol).?**! Thus the bonds of this compound are an even bigger barrier
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for the rearrangements of bonds occuring during the phase transitions, and the
formation of ternary oxides requires higher temperatures than in the copper
aluminum system. The low thermodynamic driving force for the formation of
CuYO, is confirmed by the observation of Kineri et al.’®! that Cu,Y-Os
decomposes into Y,03, Cu,0 and CuO at 1100 °C in air and no CuYQO, is formed.
Instead of sintering in air the promising route of preoxidation and subsequent
thermal annealing in inert gas atmosphere was tested. Despite the fact that it
may comprise a certain lack of oxygen for the throughout conversion into CuYO,,
powder oxidized at 400 °C was chosen for the consecutive annealing in inert gas
atmosphere. The idea behind this selection was that a lack of oxygen might
inhibit the formation of Cu,Y,0s even more and could facilitate the adjustment of
the oxidation state of the copper to +1. Both effects were expected to promote
the formation of the delafossite phase at the expense of some metallic Cu
impurities.

The X-ray diffraction patterns of the annealed samples are shown in figure 5.18.
At 700 °C partial disproportionation of the Cu,O took place, and despite the lack
of oxygen small amounts of Cu,Y,Os have formed. Although Cu,O and Y,0;
coexist, the delafossite phase does not form at temperatures below 1000 °C, and
only minor amounts of CuYO, are observed in the sample sintered at 1000 °C.
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Figure 5.18: XRD patterns of four CuYO, sol powder samples sintered in argon
atmosphere after preoxidation in air at 400 °C. Samples a, b, c and
d were annealed at 700, 800, 900 and 1000 °C, respectively. The
peaks indicated correspond to rhombohedral CuYO, (O), Cu (),
Cu,0 (#), Y,05 (A) and the orthorhombic phase Cu,Y,0s ().
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These results are contrast to the findings of Kineri et al.,’**) who were able to
synthesize bulk CuYO, via wet-chemical processing at 950 °C at low oxygen
partial pressure. Tsuboi et al.l*>! required 1050 °C for the synthesis of their phase
pure bulk material in inert gas atmosphere, but in thin films phase purity was
already achieved at 900 °C. This indicates that a kinetic barrier instead of a
thermodynamic barrier prevents the transformation of the bulk material, and thin
films are easier to transform because of their large specific surface. Similarly,
kinetic effects also seem to inhibit the transformation of the powder samples
examined here. The syntheses of Tsuboi et al.*>! and Kineri et al.**! have got
one thing in common: Both use completely oxidized Cu,Y,O0s for the reaction step
in inert gas atmosphere, which guarantees homogeneous distribution of the
cations on molecular level. Obviously the use of a mixture of Y03, Cu and Cu,O
instead of Cu,Y,0s promoted phase separations and thereby increased the kinetic
barrier for delafossite formation. This is contradictory to the positive effects
expected. Although the use of completely oxidized material may result in
delafossite formation, the temperatures required for this conversion are far
beyond the stability range of glass substrates. For this reason the experiments on
the system copper yttrium were ceased.

5.2.2.4 Copper lanthanide oxides

La®* is the largest ion that has been reported so far to form a delafossite phase
with copper (see figure 5.19).1%! Since the differences in chemical behaviour
are rather small within the lanthanoid series, the other members, namely cerium
to ytterbium, also appeared to be possible candidates for delafossite synthesis.
However, the synthesis of ternary oxides with delafossite structure only
succeeded for lanthanum, praseodymium, neodymium, samarium and
europium,t4/5111161[22501324] Tha M3+ position in CuMO, can moreover partially be
occupied by gadolinium, but an admixture of at least 20 at. % is required to
allow formation of phase pure delafossite. Ramirez et al. suspected some kind of
steric constraint behind the failure of delafossite synthesis with higher
lanthanides,!*®! but since both larger as well as smaller M** ions are suitable,**]
there must be a more complex reason than simply cation size.
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Figure 5.19: Known ternary oxide compositions with delafossite structure and
radii of the involved ions A* in linear coordination and M** in
octahedral coordination. CuBO, is missing in this chart (adapted
from [14] and [95] with permission from Elsevier and the American
Chemical Society).

In order to investigate this restriction on lanthanide-based ternary delafossite
phases more closely, correspondig sol powders were synthesized with all
lanthanides except for promethium, holmium and terbium (see section 4.3.4).
Results of TG and DTA of the CuLaO, sol powder in air are shown in figure 5.20a.
After exothermal decomposition of the organics another reaction step occurs at
730 °C, which seems to be slightly endothermal. A final endothermal mass loss
of 0.9 % occurs at 1020 °C. Since these last two reaction steps hardly affect the
DTA or show endothermal peaks, they cannot be driven by enthalpy, but an
increase of entropy must be their motivation instead. Considering the
decomposition temperatures of carbonates and the formation temperatures of
delafossite phases, the most likely explanation is the release of gaseous
decomposition products like CO, from carbonates or oxygen by a reduction step
just like delafossite formation. Noticeably, the mass loss of 0.9 % at 1020 °C
precisely resembles the loss to be expected for the conversion of Cu,La,0Os into
2 CuLaO, or any other conversion of Cu** into Cu*. XRD of separately sintered
powder samples (see below) will help to check for these possibilities.
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Figure 5.20: Results of TG and DTA of copper lanthanum oxide sol powder
(figure 5.20a) and copper cerium oxide sol powder (figure 5.20b).
The analyses were performed in synthetic air at a heating rate of

10 K/min.

These results of CuLaO, sol powder are almost identical with the analysis results

of the sol powders of the systems copper-praseodymium, copper-neodymium,

copper-samarium, copper-europium and copper-gadolinium (data not shown),
whose analyses ended up with 40.6, 39.5, 40.4, 39.3 and 40.7 % of the
respective initial sample masses. The decomposition of the sol powders

proceeding via identical steps, this difference is mainly caused by the varying

losses during the evaporation phase below 200 °C.

By contrast, the decomposition of the copper cerium sol powder follows a

different course. Evaporation and decomposition are already finished at 400 °C
(see figure 5.20b), leaving behind 40.6 % of the initial sample mass. Just like in
the other systems, a final mass loss of circa 1 % occurs at 1020 °C, which is also

endothermal and hence might be related to the release of oxygen according to

the conversion of Cu®* into Cu®.
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Figure 5.21: Results of TG and DTA of copper thulium oxide sol powder (figure
5.21a) and copper ytterbium oxide sol powder (figure 5.21b). The

analyses were performed in synthetic air at a heating rate of
10 K/min.

A second series of lanthanides also showed quasi identical decomposition
behaviour of the corresponding sol powders: Dy, Er and Tm. Exemplarily, the TG
and DTA (see figure 5.21a) of the CuTmO, sol powder are discussed here. After
the exothermal decomposition reactions are finished at 450 °C, TG and DTA
remain almost constant until 1120 °C. Then the last mass loss of about 0.8 %
occurs, which is exactly 100 °C higher than in the system copper-lanthanum and
correlated systems.

The imperative change of the solvent for the system copper-ytterbium (cf.
section 5.1.1.4) also altered the organic content of the corresponding sol
powder, whose exothermal decomposition with a cumulative mass loss of 68.5 %
lasted until 600 °C (see figure 5.21b). Again, one last reaction step occurred at
1120 °C, being slightly endothermal and reducing the sample mass by another
percent.

Just like the TG/DTA, the results of the XRD of powder samples sintered in air
are quite similar for the elements La to Gd, except for cerium. Thus they will only
be discussed for the representative system copper-lanthanum (see table 5.7 and
figure 5.22). First the copper is reduced to oxidation state 0, but reoxidation
occurs at 400 °C. Concurrently tetragonal lanthanum oxide carbonate starts to
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crystallize and remains the dominant phase until 600 °C. In the 700 °C sample it
has completely vanished and got replaced by the ternary oxide CulLa,O, and
lanthanum(III) oxide, which is also converted to CulLa,04 at higher temperatures.
The beginning of another phase transition can be detected in the 1085 °C sample
by the appearance of Cu,La,0s. Although TG had detected a slight endothermal
mass loss at 1020 °C, no delafossite phase was formed in the powder samples
sintered in air. Except for slight deviations of the shares of some compounds, the
transformations of the systems Cu-Nd, Cu-Sm, Cu-Eu and Cu-Gd proceeded
identically. In the system Cu-Pr the binary lanthanide sesquioxide was replaced
by Pr40;.

Table 5.7:  Crystalline phases detected by XRD in CuLaO, sol powder samples,
which were sintered at different temperatures in air (white boxes)
or preoxidized in air at 400 °C and then annealed in inert gas
atmosphere (black boxes).

Temperature Phase composition
[°C]
200 Cu Cu,0

300 Cu

400 Cu Cu,0 La0,C0; CuO

500 La202C03 CuO
600 La202C03 CuO CuLa204
CuO CulLa,0,; La0O
700 pA L) 23
CUZO La202CO3 CULazo4
CuO Cula,O
800 el
CuO Cula,O
900 el
CuO Cula,O,
1000

Cu Cuz0

1085 CulLa,0, Cu,La,05
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Out of this group samples of the systems copper-lanthanum, copper-neodymium
and copper-gadolinium that had been preoxidized in air at 400 °C were
subsequently annealed in inert gas atmosphere at temperatures between 700
and 1000 °C (see also table 5.7 and figure 5.22). In the case of copper-
lanthanum both the presence of copper(I) and the oxygen-free atmosphere
enable the formation of first traces of the delafossite phase CuLaO, at 800 °C. At
900 °C this compound is even dominant in the XRD, but obviously decreases
again at 1000 °C. This is in accordance with the synteses of phase pure CuLaO,
in the literature, which always have to be performed in vacuuml!16:1251[203] qp
inert gas atmospherel?® 3341 at minimum 850 °C. Below this temperature the
delafossite phase is thermodynamically unstable and decomposes.***!

900 °C, argon
1000 °C

900 °C
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w \ : 300 °C

10 20 30 40 50 60 70
267

intensity [arbitrary units]

Figure 5.22: XRD patterns of five CuLaO, sol powder samples. Samples a, b, ¢
and d were sintered in air at 300, 500, 900 and 1085 °C,
respectively, whereas sample e was oxidized at 400 °C in air and
annealed in argon atmosphere at 900 °C thereafter. The peaks
indicated correspond to Cu (@), Cu,0 (@), CuO (V¥), La,0,CO5 (Q0),
La,0O3 (A), the spinel phase CulLa,04 (m), Cu,La,05 (*) and CulLaO,
(O).

On the other hand, there is also an upper limit for the stability of lanthanide-
based delafossite phases, beyond which they decompose into copper(I) oxide
and the corresponding lanthanide oxide. This limit depends on the individual
lanthanide and can already lie slightly above 900 °C.1***! Hence the stability range
of lanthanide-based CuMO, delafossite phases, regarding both temperature and
oxygen partial pressure, is strongly curtailed.
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In the system copper-neodymium the delafossite occurred first at 800 °C, but
even at 1000 °C it did not manage to become the dominant phase. In contrast to
these two systems no delafossite phase was observed in the copper-gadolinium
samples.

Sintering of the CuCeO, sol powder also leads to a reduction of the copper ions
to metallic copper, but the reoxidation is already finished at 400 °C. By oxidation
of the Ce®* ions CeO, is formed and starts crystallizing at 300 °C. The mixture of
copper(II) oxide and cerium(IV) oxide remains unchanged even at 1085 °C and
no mixed oxides are formed in this system. Sintering of preoxidized powder
samples in argon atmosphere at temperatures up to 1000 °C did not change the
sample composition either. The flexibility of both cations involved regarding state
of oxidation probably makes it impossible to adjust them to the levels needed for
a hypothetical CuCeO, delafossite simultaneously by one reduction step.

The transformations in the sol powders of the systems Cu-Dy, Cu-Er and Cu-Tm
proceed via identical steps, which is in accordance with their similar TG/DTA
results. In contrast to the lower lanthanides, these elements did not form a
oxycarbonate during annealing in air. Although they had been oxidized for one
hour at 400 °C, sintering of preoxidized samples in inert gas atmosphere resulted
in lanthanide(III) oxide and a mixture of metallic copper and cuprous oxide.
Despite the presence of copper(I) no delafossite phase could be detected. So the
small kink in TG observed at 1120 °C in air seems not to be due to the formation
of the corresponding lanthanide copper delafossite. Instead this mass loss could
be due to a reaction of the sample with the alumina crucible, namely formation
of the delafossite phase CuAlO,. This phase has already been observed as a
component in alumina-backed copper anode furnaces operated at comparable
temperatures.*?]

Remarkably, the Cu®** ions maintain their state of oxidation during thermal
annealing of the CuYbO, sol powder, but as soon as the decomposition of the
organics is finished by 600 °C, the course of transformations aligns with the
systems Cu-Dy, Cu-Er and Cu-Tm. This includes the lack of a delafossite phase
even after two-step thermal annealing.

All in all, the sintering experiments with the lanthanide sol powders confirmed
the limitations for the composition of copper lanthanide delafossite phases known
from literature. Only La, Pr, Nd, Sm and Eu are able to form a ternary oxide with
copper that has delafossite structure,[!*/19511391132413341 Byt \whereas cerium fails
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because of its preferred state of oxidation of +IV,**! the failure of the higher
lanthanides must have different reasons. As already mentioned earlier in this
section, it cannot simply be steric. It is known that ternary oxide phases®™*! and
also some other phases like oxycarbonates**! get destabilized with increasing
atomic number of the lanthanides and indeed are not formed by the higher ones.
In many respects gadolinium with its half filled and therefore specially stabilized f
subshell marks the turning point for a certain quality of the lanthanides. For
example, the elements La to Gd prefer a coordination number of seven in their
sesquioxides, whereas this number is reduced to six for Tb to Yb.**! Of course
this effect is partially induced by the lanthanide contraction,*”! which
continuously decreases the radii of the lanthanide ions with increasing atomic
number. At the same time the energy of formation of the sesquioxides increases
steadily,***¥3381 which in return makes ternary oxides less favourable.

Hence coordination energetics, which is governed by the size-dependend charge
density of the lanthanide cations, seems to determine the feasibility of the
delafossite!®" and other phases. Moreover, the special properties like
polarizability and charge distribution of their 4f valence shell also must have an
important influence in the case of the delafossite phase, because in many
respects like ionic radius, preferred coordination numbers, oxidation states and
reactivity yttrium resembles the higher lanthanides.**'33%1 Despite these
similarities Y** is able to form a delafossite phase,¥2813%°! which can only be due
to the different character of the orbitals of its valence shell.

Although lanthanide-based delafossite phases could successfully be synthesized,
the high temperatures required and their small stability range make them
unalluring for thin film applications. Hence the experiments with lanthanide-
containing sols were ceased at this point.
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5.3 Dip-coated thin films

Typical TCO applications (see section 2.1.3) require dense and homogeneous
oxide thin films. After several delafossite phases had successfully been
synthesized as powders, the next step had to be the progression to thin film
deposition on transparent substrates. Dip-coating was used for further
development since it is a simple and very flexible technique, which provides high

quality large area thin films,2*}[24€1[301]

5.3.1 Preparation of ternary delafossite films

Based on the results of the powder experiments, the focus of thin film
development was clearly set on CuAlO, and CuCrO,, which were the only
delafossite compounds that had been obtained with high phase purity. Since the
first experiments on thin films revealed significant differences between phase
development in powders and phase development in thin films (see below), some
further systems were investigated as thin films without preceding powder
experiments. These new systems were based on manganese, iron and cobalt.

As already mentioned in section 5.2, sol powders can only be a rough
approximation for the processes occuring in sol gel thin films because of the
films’ huge ratio of surface to volume and by the two-dimensional strain caused
by the adhesion to the plane glass substrate. Hence a successful powder
synthesis does not guarantee the feasibility of corresponding films and vice
versa. For all systems the effectual parameters of powder synthesis were
considered as promising starting points for optimization, but now the demands of
a new component, the substrate, also had to be taken into account. Moreover,
completely new parameters of the coating process had to be investigated.

5.3.1.1 Copper aluminum oxide

Since CuAlO, powder was successfully synthesized in air (see section 5.2.2.1)
and Tonooka et al. had reported CuAlO, film deposition by sol-gel processing and
subsequent thermal annealing in air,™*” similar one-step sintering was used for
the first attempts of CuAlO, thin film preparation. For a general comparison
between powders and thin films, a series of samples was deposited on
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borosilicate glass and oxidized at temperatures between 200 and 600 °C. X-ray
diffraction could only detect cuprous oxide in the 200 °C sample, which differs
from the metallic copper in the corresponding powder sample (see section
5.2.2.1, especially table 5.4). Nevertheless, this result still reveals a reduction of
the Cu** ions during the decomposition of the organics. Reoxidation to cupric
oxide was already finished at 300 °C, which is more than 100 °C lower than in
the powder sample. The reason for this effect could be the formation of larger
particles in the powder samples, which causes longer diffusion ways for the
gaseous oxidant O,. CuO remains the only phase detectable by GI-XRD in the
thin film samples up to 600 °C.

These results may be interesting for the oxidation step of a later two-step
annealing procedure, but bearing in mind the results of TG/DTA of Cu**-based
sol powder (see figure 5.5), only temperatures exceeding 900 °C apperared
promising for crystallization of CuAlO, in air, which requires fused silica
substrates. In contrast to the powder experiments (see table 5.4), sintering at
900 °C in air did not result in the crystallization of CuAl,O;, no aluminum
compound could be detected by GI-XRD up to this temperature. At 1000 °C
traces of the spinel phase occurred, accompanied by first reflections of
christobalite and quartz, which idicated the upper limit of the stability range of
the fused silica substrates. Annealing at 1060 °C led to an increase of the
crystalline SiO, phases, but no delafossite could be detected. Finally, substrate
and thin film started to react with each other at 1100 °C, forming mullite
Al¢Si, 053 (see figure 5.23).
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Figure 5.23: XRD pattern of a copper aluminum oxide thin film sintered in air at
1100 °C on a fused silica substrate. The peaks indicated correspond
to quartz (Q), PB-christobalite (%), CuO (V¥), the spinel phase
CuAlb,O, (m) and mullite (). No delafossite phase could be
detected.

Hence the failure of CuAlO, thin film preparation in air at least partially can be
traced back to the interaction of film and substrate. By interdiffusion at the
interface some Si atoms may migrate into the thin film and obstruct the
crystallization of the delafossite phase. As the temperature is further increased,
the exchange between film and substrate increases, leading to the formation of
the impurity mullite. This already indicates that 1100 °C is close to the complete
collapse of the fused silica substrates.

On the other hand, many of the reaction steps like reduction of the Cu®* and
reoxidation to CuO occur at lower temperatures than in the powder samples.
Most likely this indicates that the special condition of the thin films facilitates the
progression of chemical reactions with gases involved, probably because of the
high surface to volume ratio of the films. Such optimized growth conditions for
Cu-enriched domains extend the phase separation, which obviously retards spinel
crystallization and inhibits delafossite formation until the glass transition of the
substrate sets in.

Thus a two-step annealing procedure seemed to be the only way for the
preparation of CuAlO, on fused silica substrates, and its potential for the
preparation of sol-gel CuAlO, thin films was already demonstrated by Ohashi.!*®!
Although CuO crystallites grew with increasing oxidation temperature (see figure
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5.24) and hence the disruptive phase separation proceeded,'”®! the samples
were preoxidized at 500 °C in order to ensure complete oxidation of the organics
(compare TG/DTA in figures 5.5 and 5.7). Furthermore, a comparison between
figures 5.8 and 5.24 clearly shows that the crystallites of all oxides in the powder
samples are almost twice as large as in the corresponding films, which is further
evidence for the obstructive influence on crystallite growth in thin films.
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Figure 5.24: Development of the crystallite sizes of the phases detected in
sintered four-layer CuAlO, thin films based on ethanol + EAH. The
values were calculated by the Scherrer formula from the FWHM of
X-ray reflexes. Samples up to 600 °C were annealed in air, whereas

the samples beyond were oxidized at 500 °C and then sintered in
argon atmosphere. Lines were simply drawn as guides to the eyes.

Nevertheless traces of CuAlO, could be detected in four-layer thin film samples
sintered at 800 °C in argon atmosphere (see figure 5.25), which is in perfect
agreement with the findings of Ohashi et al.[*®! Thus the high surface to volume
ratio of the thin films also seems to promote the formation of the delafossite
phase by facilitating the release of oxygen, because in the corresponding powder
samples about 900 °C were necessary for the crystallization of first traces of
delafossite.

In order to obtain almost phase-pure delafossite, the annealing temperature had
to be increased to at least 900 °C. Astonishingly, no delafossite phase was
observed in a similary annealed single layer thin film, cuprous oxide and
corundum were detected by GI-XRD in this sample instead (data not shown).
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Since copper already was in the correct oxidation state, the only explanation for
the absence of the delafossite phase can be kinetic reasons, which must be
related to the reduction of the total film thickness to one fourth of the successful
four-layer sample. This suggests the conclusion that the proximity of the
substrate prevents the crystallization of the delafossite, which either could be
due to the interdiffusion of silicon into the layer or it could be due to the misfit
between the lattice constants of the delafossite and the non-crystalline SiO, of
the glass substrate. In the thicker multilayer samples the crystallization of the
delafossite then might be initiated at a certain distance to the substrate, but by
acting as initial nuclei, these first crystallites obviously are able to
overcompensate the impedimental influence of the substrate and crystallization
of the delafossite phase propagates throughout the whole film.
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Figure 5.25: XRD patterns of copper aluminum oxide thin films on fused silica
substrates. The samples a, b and c were preoxidized at 500 °C and
annealed in argon atmosphere at 800 °C, 850 °C and 900 °C,
respectively. The peaks indicated correspond to CuAlO, (O),
CuO (¥) and the spinel phase CuAl,O, (m).

The existence of a minimum layer thickness as a prerequisite for delafossite
formation was furthermore proven by a comparison of sols with an oxide yield of
three and six percent. For these experiments all technical parameters were
identical, even the withdrawal rate. Hence the lower concentration resulted in
lower single layer thicknesses. Concurrently, the composition of the sintered
three-layer stacks changed drastically (see figure 5.26). Whereas CuAlO, was the
dominant phase in the thicker samples by far, in the thinner samples, which were
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processed from the three percent sols, the delafossite phase was only a minority
beside the leading cuprous oxide. With similar extent this effect could be
observed in three corresponding sol pairs with different solvent compositions.

oxide yield 6 %
thickness 400 nm

intensity [arbitrary units]

oxide yield 3 %
thickness 180 nm

20

Figure 5.26: XRD patterns of copper aluminum oxide thin films on fused silica
substrates. Both samples were preoxidized at 500 °C and annealed
in argon atmosphere at 900 °C. Sample a was processed from a sol
with an oxide vyield of three percent, whereas sample b was
obtained from a sol with six percent oxide yield. The peaks
indicated correspond to CuAlO, (O), CuO (V¥), Cu,O () and
AlLOs3 (A).

SEM images of these samples indicate that not only the thickness of the whole
layer stack may be decisive for delafossite formation, but also the single layer
thickness. The surfaces of the samples look fairly porous (see figure 5.27a), but
a closer look at their cross-sections (see figure 5.27b) reveals that this porosity is
limited to the upper 20 % of every layer, whereas the rest of the layers appears
dense. Moreover, these layers are clearly distinguishable and are not intergrown.
The borderlines of the single layers seem to be fixed, which can only be
explained by the processes during the oxidation steps. The gaps between the
single layers actually already exist after oxidation of the samples (data not
shown). Probably a phase separation leads to formation of a binary oxide at the
top of the layers and crystallization of CuAlO, is not able to overcome this barrier
between the single layers in the subsequent annealing step.
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5.27a 5.27b
Figure 5.27: SEM images of surface (5.27a) and cross-section (5.27b) of a three-
layer CuAlO, thin film sample on a fused silica substrate. Porosity
seems to be limited to the sample surface, the core of every layer
appears completely dense. The three single layers are clearly
distinguishable.

TEM images of the cross-section (see figure 5.28) show that sometimes even
large gaps between the single layers may occur. Furthermore figure 5.28
indicates that the lower part of the first layer is dominated by a heterogeneous
crystallization induced by the glass substrate, which results in many small
crystallites on the substrate surface. This confirms the fundamental influence of
the substrate on the crystallization of the first layer, which could even prevent
the formation of CuAlO,.

In contrast to that the growth mechanism in the rest of the first layer and the
other layers seems to be homogeneous crystallization with less but larger
crystallites in random orientation. Hence the ratio of homogeneously and
heterogeneously crystallized material could also explain the deviations in the ratio
of some XRD reflexes from the random powder orientation (cf. figure 5.12a with
figure 5.26b). Probably the amount of heterogeneously crystallized material
depends on the single layer thickness because the borderlines between the layers
are very likely to contribute to heterogeneous crystallization, too.

Although high single layer thicknesses seem to be beneficial for the formation of
CuAlQ,, its margin is fairly limited by several effects. The first limitation is given
by the solubility of the precursors, which determines the maximum sol
concentration. In the case of CuAlQO, this is about six percent. Secondly, the layer
thickness depends on the thickness of the xerogel film, which itself is determined
by withdrawal rate and sol viscosity.?**! Since single layer thicknesses exceeding
200 nm led to flaking during oxidation, both factors could only be tuned to a
certain extend.
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glass substrate

200 nm .

Figure 5.28: TEM image of the cross-section of a three-layer CuAlO, thin film
sample on a fused silica substrate. Porosity seems to be limited to
the sample surface, the core of every layer appears rather dense.
The three single layers are clearly distinguishable, the third layer is
even separated by a huge crack.

Just like in the powder experiments (see section 5.2.2.1), the sol composition
had little effect on the general course of phase development in the thin film
samples. For all sol compositions examined the delafossite phase became
dominant at 850 °C and after annealing at 900 °C the films only exhibited minor
traces of binary copper oxides and aluminum oxide. Merely the composition of
the impurities depended on the sol composition. For example, a sol based on the
solvent propionic acid resulted in traces of alumina and cuprous oxide, whereas
the addition of 2.2 equivalents of EAH led to the formation of CuO impurities (see
figure 5.29). In thin films based on the ethanolic sol with EAH both cupric oxide
and cuprous oxide occurred (see figure 5.29c). These differences might probably
be due to the different character of the organics incorporated in the xerogel films
and the percentage of organics in the xerogel, which approximately has been
determined by the mass losses during TG of the corresponding sol powders (see
figure 5.7a). Due to its reducing effect, the decomposition of the organics in turn
has an influence on the CuO domains formed in the oxidation steps.
Nevertheless, the amount of impurities was rather small and seemed to be
comparable in all three samples.
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Figure 5.29: XRD patterns of copper aluminum oxide thin films on fused silica
substrates. All samples were preoxidized at 500 °C and annealed in
argon atmosphere at 900 °C. Sample a was processed from a sol
based on propionic acid, sample b from a sol based on propionic
acid with additional EAH, whereas sample c was processed from a
sol based on the solvent ethanol and the additive EAH. The peaks
indicated correspond to CuAlO, (O), CuO (V¥), Cu,O () and
AlLO3 (A).

As these thin film samples mainly consisted of CuAlO,, they all should fulfill the
basic requirements for TCO application. The TCO performance of the CuAlO, thin
films, namely transmittance and resistivity, meanwhile responds much stronger
to the sol composition than the phase purity measured by GI-XRD. Since the
viscosity of the sols was affected by the choice of precursors, solvents and
additives, it was rather difficult to exactly tune the total layer thickness by an
adjustment of the withdrawal rate. In order to allow a direct comparison of the
material properties of the samples, they were characterized by their resistivities,
which were calculated from the film thickness and the measured sheet
resistance.

Similarly, the discrepancies in measured transmittance are mainly due to the
variance of film thickness. In order to allow a more significant comparison of the
transmittance values they need to be normalized to a standard thickness Iy
according to Beer-Lambert law*!)

Ty =1/, = e
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with Ty being the transmittance, I, being the intensity of the incident light, I
being the measured intensity, | being the path length and o being the absorption
coefficient. The normalized transmittance Ty then can be calculated by the
formula

TN = TV W/t

Precisely, this formula of course only suits for one continuous material, whose
thickness is varied. The use of thin film thickness as | neglects the influence of
the glass substrate, whose thickness remains constant. But since Ty of both
substrate types is larger than 92 % and all film thicknesses are in the same order
of magnitude, this mistake might be neglectable in comparison to the attenuation
by the delafossite films.

Dip-coating is a technique which deposits thin films both on front and rear side of
the substrate. Hence light of the transmittance measurements has to pass
through both layer stacks and the substrate, whereas resistivity measurements
are always restricted to only one side of the sample. Single side CuAlO, film
thickness ranging from 200 to 550 nm, the standard total delafossite thickness Iy
was chosen to be 600 nm. After normalization the transmittance of the CuAlO,
thin films ranged from 24.6 % to 55.3 % for different sol compositions.
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Figure 5.30: Correlation between the normalized transmittance Ty and the
resistivity p of four-layer CuAlO, thin films. Each sample was
processed from another sol. All samples were preoxidized at 500 °C
and annealed at 900 °C thereafter.
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As can be seen from figure 5.30, there is a correlation between Ty and p of the
CuAlOQ, thin film samples. The higher the normalized transmittance of the film,
the higher is its resistivity. As the sol chemistry has an influence on the formation
and the type of impurities (cf. figure 5.29), it obviously also affects the formation
of charge carrier generating defects. On the other hand, an increased defect
concentration creates more states in the band gap, which may cause absorption
and narrowing of the band gap. This is a well-known effect in delafossite thin
film preparation, which has already been documented for the systems
CUA'02[159]'[187]'[188]'[342], Cucroz[318]l Cusc02[37],[58],[343] and CUY02[35]'[152]. BOth
intrinsic defects such as copper vacancies or oxygen interstitials and extrinsic
defects caused by intended doping are able to induce such states.

Exemplarily, the character of conductivity was investigated for a phase pure
sample with p = 86.3 © cm. The most prevalent method to determine the nature
of the dominant charge carriers in a semiconductor is to measure the Hall effect
of the material. But due to its high resistivity value, measurements of the Hall
coefficient of the CuAlO, thin film sample failed. Thus p-type semiconductivity of
the synthesized CuAlO, had to be proven by an other method. Actually a positive
Seebeck coefficient of 405 pV/K was measured, which is characteristic for p-type
semiconductors.[315511150] Hence this CuAlO, sample is a real p-type TCO, whose
conductivity is based on holes, generated by interstitial oxygen or copper
vacancies (compare section 2.2.3).

Despite the correlation between defect chemistry and conductivity it should be
kept in mind that the microstructure can also have a profound influence both on
transmittance and resistivity of thin films. As conduction pathways are
determined by the size and the connectivity of the CuAlO, crystallites,
characteristics like porosity and coherence of the single layers affect the TCO
performance of the thin films. Especially grain boundaries are likely to derogate
conductivity.®*! A comparison of the cross-sections of the two CuAlO, thin film
samples with the worst and the best conductivity by their SEM images (figure
5.31a and figure 5.31b, respectively) reveals that sol chemistry indeed has an
influence on their microstructure. But actually the sample with smaller and less
connected grains (figure 5.31b) has the lower resistivity, and, on the other hand,
the sample that appears denser has the higher transmittance Ty. Both
observations interfere with expectations, and thus the influence of the
microstructure seems to be secondary in comparison to defect chemistry of the
sol-gel thin films.
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5.31a 5.31b

Figure 5.31: SEM image of the cross-sections of a three-layer CuAlO, thin film
sample (5.31a; p =916 Q cm, Ty = 54 %) and a four-layer CuAlO,
thin film sample (5.31b; p = 40.5 Q cm, T = 24.6 %) on fused silica
substrates. Both samples show a layered structure, but in the case
of the four-layer sample the layers are partially intergrown.

The microstructure of CuAlO, thin films processed by vacuum-based coating
techniques like PLD,"*! magnetron sputtering®*! or electron beam evapora-
tion!%8] usually is completely dense and grain sizes up to 100 nm are obtai-
ned.'*! The resulting advantages for conductivity might be one of the reasons
why the resistivity of such samples can be up to two orders of magnitude lower
than of the CuAlO, samples presented in this section (compare table 2.2).

Other sol-gel syntheses of CuAlO,, however, might allow a more suitable ranking
of the thin film capabilities of this study. As already mentioned, examples of
genuine wet-chemical deposition of delafossite thin films are quite rare. Ohashi
et al.l'® also used ethanol-based sols with organic additives and similar
precursors for their CuAlO, thin film processing by multiple dip coating.
Moreover, their annealing procedure included an oxidation step in air and a final
thermal treatment in inert gas atmosphere. The final annealing step was four
times longer than in the present study, resulting in completely intergrown single
layers and grain sizes up to 250 nm. But despite this extended thermal treatment
they also had to struggle with CuO as an impurity in their stoichiometric thin
films as a residue of crystallization during the inevitable oxidation step. The
resistivity of their CuAlO, films was 260 © cm, which is within the range of the
present study (see figure 5.30) and also seems to be determined by the defect
chemistry. This indicates that the closely related processing routes result in
similar material properties. However, Ohashi et al. claim their films to be
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“transparent” without giving any graph or number to evaluate this quality, which
prevents a comprehensive comparison with the present study.

Tonooka et al.['”! were unable to prove the existence of the delafossite phase in
their sol-gel thin film samples by XRD. In consideration of the results presented
above (see figure 5.23), however, it is doubtful wether they really were able to
process CUuAlO, thin films by their nitrate route and annealing in air at 1100 °C,
which they concluded from identically treated powder samples. Moreover, they
claim to have obtained a resistivity of 0.005 Q cm, which is about four orders of
magnitude lower than the best samples in the present study and also the best
resistivity value known for CuAlO, thin films by far (compare table 2.2). But in
fact this conductivity could also result from cuprous oxide, and since Tonooka et
al. neither provide Hall-, nor Seebeck- or hot-probe measurements, this
conductivity could even be n-type. The plausibility of their resisitivity value
furthermore suffers from uncertainties in the determination of their thin film
thickness. Since these samples were deposited on silicon substrates, Tonooka et
al. also were unable to prove transparency of their CuAlO, thin films, which
complicates the rating of their results even more. For all these reasons the
results of Tonooka et al. cannot be considered as a representative benchmark.

In contrast to that Gao et al.**! presented a complete characterization of their
wet-chemically processed CuAlO, thin films, which exhibited a resistivity of
0.42 Q cm in combination with a transmittance of about 50 % at a layer
thickness of 420 nm. In fact this means that the resistivity of these samples is
two orders of magnitude lower than of the samples presented here, but at
identical transmittance. The main reason for this fundamental discrepancy must
be related to the fact that these films were not produced by deposition of a gel
film. CuAlO, crystallites were processed from a solution under optimized
conditions by a hydrothermal metathesis reaction without any restrictions by the
substrate instead, and after dispersion in ethanol the ready crystallites were
spinned on glass substrates. According to XRD these films were absolutely phase
pure, so neither conductivity, nor transmittance could be impaired by impurities
like binary copper oxides. The crystallite size of 14 to 16 nm results in a huge
number of grain boundaries within the homogeneous thin films. But acutally this
does not seem to interfere with conductivity, which confirms the idea that for
wet-chemically processed CuAlO, thin films the defect chemistry is more
important than the microstructure of the thin films. Nevertheless, the
performance of theses films is rather impressive (compare table 2.2).
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5.3.1.2 Copper chromium oxide

As doped CuCrO, still has the highest p-type conductivity of all known
delafossites,®”! this material was in the scope of this study right from the very
beginning. After successful powder synthesis (see section 5.2.2.2) the insights
gained had to be transferred to thin film deposition. As a consequence of the
results of CuAlO, thin film experiments, all samples were made up of at least four
layers. Powder experiments had revealed that a maximum annealing temperature
of 700 °C in argon atmosphere might be sufficient for the synthesis of the
CuCrO, delafossite phase, which would allow the use of borosilicate substrates
instead of expensive fused silica. This would enable more systematic
investigations and the examination of many more parameters than for CuAlO,.

As the two-step annealing procedure with an oxidation step after deposition of
each layer and one final sintering step in inert gas atmosphere had proven its
potential both in the preceding powder experiments (see section 5.2.2.2) and the
experiments on copper aluminum oxide thin films (see section 5.3.1.1), this
method was used for all copper chromium oxide thin films. But the replacement
of aluminum by chromium is a drastic change, hence for a detailed
understanding of this system the influence of oxidation conditions during the first
annealing step also had to be investigated.

The variety of undoped CuCrO, sol compositions was fairly limited and these sols
were rather similar, so the tests for optimum oxidation conditions were restricted
to two of them. Table 5.8 gives an overview of the phases detected in copper
chromium oxide thin films oxidized at different temperatures. At 200 °C the films
are still amorphous, no crystalline phases could be detected by XRD. The
crystallization of Cu304 sets in at 300 °C; however, at 400 °C the reoxidation to
Cu** is completed. So far the results roughly resemble those of the CuAIO, thin
films, but there is a major difference in the compostiton of the 400 °C samples:
Whereas CuO was the only phase detectable in the copper aluminum oxide thin
films (cf. figure 5.24), their copper chromium oxide pendants consist of the cubic
spinel phase CuCr,0, instead. Similar discrepancies in the crystallization
temperatures of the spinel phases have already been observed in the powder
experiments with the systems copper aluminum and copper chromium (cf. table
5.4 and 5.5). The absence of reflexes of cupric oxide until 500 °C indicates that
in this system the obstructive crystallization of binary copper oxides could be
prevented by coosing moderate oxidation conditions.
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Table 5.8:  Crystalline phases detected by XRD in CuCrO, thin films, which
were sintered at different temperatures in air. Two different sols
with the additives EAH and TEA or only TEA are compared.

Temperature Additive EAH + TEA Additive TEA
[°C]
200 amorphous Not available
300 Cus04 Not available
400 CuCr,04 cubic CuCr,04 cubic
500 CuCr,0,4 cubic > CuO CuCr,0;4 cubic >> CuO
600 CuCr,0,4 tetragonal > CuO CuCr,0, tetragonal > CuO

Interestingly, CuCr,04 undergoes a phase transition from cubic to its tetragonal
modification between 500 and 600 °C if applied as thin film. In contrast to that
the tetragonal phase had been the only modification of CuCr,04 occuring in the
powder samples in the whole temperature range between 400 and 900 °C.
According to literature®3¥] the tetragonal modification should be stable below
600 °C, the cubic one is favoured above 700 °C. Whereas the absence of the
cubic modification in the high-temperature powder samples might be due to
simple reconversion during furnace cooling, the presence of this modification in
the thin film samples at 400 °C and 500 °C is extraordinary. Obviously the special
condition of the thin film not only lowers the crystallization temperature of the
spinel phase CuCr,04, but also affects its preferred modification. The effect could
either be related to the tensions within the thin film, which are relaxed at 600 °C,
or it could be induced by heterogeneous crystallization on the substrate surface.
Although sintering temperatures beyond 650 °C led to a softening of the
borosilicate substrates and hence resulted in slightly deformed samples, the
influence of the oxidation temperature was subsequently investigated by
annealing the previously oxidized samples in inert gas atmosphere at
temperatures up to 700 °C for 15 min. Due to the results of TG/DTA (see figure
5.13) only samples preoxidized at 400 °C, 500 °C or 600 °C were included in this
experimental series. Due to the short annealing times the distortions of the
samples were only slight and therefore characterization still was possible.

As XRD revealed, sintering temperatures below 700 °C only resulted in partial
conversion into CuCrO, (data not shown). Astonishingly, the oxidation
temperature did not have an influence on the degree of conversion. The XRD
patterns of the samples annealed at 700 °C is given in figure 5.32. They clearly
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show that all three thin films consist of almost phase pure CuCrO,, which is in
good agreement of the results of Rastogi et al.,[**®! Sadik et al.**® and Lim et
al.,™>? who all observed a need of at least 700 °C for the preparation of phase
pure CuCrO; in inert gas atmosphere. Even the amount of residual spinel, which
can still be detected by slight shoulders at 29.6° and 37.6°and a tiny, but
significant reflex at 18.6°, quasi seems to be identical for all three oxidation
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Figure 5.32: XRD patterns of copper chrominum oxide thin films on borosilcate
substrates. Samples a, b and c were preoxidized at 400, 500 and
600 °C, respectively, and annealed at 700 °C in inert gas
atmosphere thereafter. The peaks indicated correspond to
CuCrO, (O) and CuCr,O4 (m).

The only deviation between the three samples is the ratio of the (006) reflex at
31.5° and the (012) reflex at 36.4°, so the composition of crystallites after
oxidation seems to have an influence on the preferred growth direction of the
emerging delafossite, but even this effect is rather small. Similarly, a variation of
the oxidation time between 3 and 20 min also hardly had an effect on the
crystalline phases of the sintered samples (data not shown).

Another effect of the oxidation temperature can be seen in the SEM images in
figure 5.33. The surfaces of the three samples oxidized at different temperatures
show an increasing particle size with increasing oxidation temperature. On the
other hand, the overall porosity seems to be almost identical, so all three
samples might easily be able to release oxygen during the conversion into
CuCrO; during the second annealing step.
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5.33d 5.33e 5.33f
Figure 5.33: SEM images of the surfaces (5.33a — 5.33c) and cross-sections
(5.33d — 5.33f) of oxidized copper chromium oxide thin films. The
samples were oxidized at 400 °C (5.33a and 5.33d), 500 °C (5.33b
and 5.33e) and 600 °C (5.33c and 5.33f). Particle size increases
with oxidation temperature.

In contrast to the results of XRD, the performance of the CuCrO, thin films
significantly depended on the oxidation conditions. Moderate oxidation at 400 °C
results in the highest transmittance, but at the same time it causes the highest
resistivity (see figure 5.34). Both transmittance and resistivity linearly decrease
with increasing oxidation temperature. This is a direct indication of an increase of
defect levels, which are absorbing and generate charge carriers at the same
time. Similar correlations already have been observed for CuAlO, thin films of this
work (see section 5.3.1.1) and by other research groups.!®**321318] jyst Jike for
CuAlO,, the fairly high resistivity of the samples in the range of 100 — 200 Q cm
prevented a characterization by Hall measurements. Instead the p-type
semiconductivity of the CuCrO, thin films could be proven by their positive
Seebeck coefficients of 260 to 290 pV/K.
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The influence of the oxidation temperature on the optoelectronic performance of
the samples could be due to changes in the microstructure of the thin films. For
example, higher porosity would result in worsely connected particles, more gaps
and thus fewer continuous conduction pathways. But at the same time less
material would inhibit light transmission by absorption.
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Figure 5.34: Macroscopic performance of CuCrO, thin film samples that had
been oxidized at different temperatures. All three samples were
annealed in inert gas atmosphere at 700 °C for 15 min. The lines
are drawn as guides to the eyes.

On the contrary, the oxidation temperature actually does not affect the
microstructure of the sintered CuCrO, thin films. SEM images of the
corresponding samples (see figure 5.35) show two different kinds of particles:
hexagonal ones with a maximum diameter of circa 200 nm and smaller spherical
particles that look similar to the oxidized material (cf. figure 5.33). Since CuCrO,
usually crystallizes in hexagonal 3R polytypel®”1?%] and hexagonal particles make
up the majority of the films, this might be the delafossite crystallites. In contrast
to the CuAlO, samples (see figure 5.27b) some of these crystallites range from
the glass substrate right to the film surface (see figure 5.35f), the boundaries
between the four single layers have vanished completely. All in all, the density
and the whole microstructure of all three samples looks rather similar. Thus the
observed differences in resistivity and transmittance must have another cause.
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Figure 5.35: SEM images of the surfaces (figures a-c) and cross-sections (figure
d-f) of sintered copper chromium oxide thin films. The samples had
been oxidized at 400 °C (5.35a and 5.35d), 500 °C (5.35b and
5.35e) and 600 °C (5.35c and 5.35f). The temperature of the
preoxidation step hardly affects the microstructure of the final
CuCrO; films.

The impact of the oxidation temperature on resistivity and transmittance of the
CuCrO, samples thus can only be explained by its direct effect on the charge
carriers. Although the phase composition of the samples is almost identical (see
figure 5.32), higher oxidation temperatures seem to result in more persistent
interstitial oxygen or a higher concentration of copper vacancies.[**/11681[190}[191]
Both might be related to the intermediate increase of CuCr,0, crystallite size with
increasing oxidation temperature (cf. figure 5.33). Larger spinel crystallites
represent larger domains with a copper to chromium ratio of one to two, and
thus these domains might be more likely to form copper-deficient CuCrO,. At the
same time larger crystallites are more likely to securely immure gaseous
compounds like oxygen, which also contributes to the generation of charge
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carriers. For this reason Nagarajan et al. attempted to increase the conductivity
of their CuCrO, samples by annealing in air or oxygen atmosphere. However, it
has been found impossible to intercalate oxygen into CuCrO, subsequently,!®
which indicates that the oxygen content of this material is solely determined by
its synthesis conditions and thus also by its precursors.

The SEM images in figure 5.35 also reveal that the sol gel CuCrO, thin films
exhibit typical sol gel pecularities like porosity and, compared to vacuum-based
coating techniques like PLDB!®BY]  sputteringt623*B3%] or chemical vapour
deposition,*®*! small grain size with lots of grain boundaries. A comparison of
CuCrO; thin films deposited by these techniques reveals the interplay of phase
purity, defect levels and microstructure, determining the optoelectronic
properties of the samples. For example, Nagarajan et al.’”! obtained a
transmittance of 40 % for their sputtered 250 nm films, which is comparable to
the values presented here. But without extrinsic doping these CuCrO, films had a
resistivity of 1.0 Q cm, which is about two orders of magnitude lower than the
best CuCrO, samples presented in this work (see figure 5.34). Since the differ-
ences in phase composition appear to be marginal (compare figure 5.32), this
huge discrepancy between the resistivity values obtained by these two deposition
methods at least partially must be ascribed to the dense and homogeneous
microstructure of sputtered samples, which facilitates conduction.

Li et al.l®*1 were able to achieve resistivities as low as 67 Q@ cm by PLD, but at
the expense of the transmittance of their 100 nm thick samples (Ty = 60 %,
approximately equivalent to Ty = 14 % for a film thickness of 400 nm). As these
thin films also were dense, perfectly uniform and phase pure, the differences to
the samples of Nagarajan et al.’”! can only be imputed to a lower charge carrier
concentration, which is determined by the defect levels. Although Sadik et al.3'®]
also reported a dense microstructure and crystallite sizes between 100 and
400 nm for their thin films processed by PLD, the resistivity of their undoped
sample was as high as 20 kQ cm. Yet transmittance and film thickness were
similar to the values of Nagarajan et al.*”! and Li et al.**! Besides a lack of
defect levels, the resistivity of the sample of Sadik et al. also seems to suffer
from the Cr,O; impurities detected by XRD. Compared to the results of Li et
al.,’*! the impedimental influence of this coloured impurity on transmittance
seems to get compensated by the beneficial effect of the decreased defect
concentration.
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In contrast to that, the results of Mahapatra and Shivashankart*®®! obtained by
chemical vapour deposition for their 390 nm thick films - p =1.2 Q cm and
Tv = 35 % - are rather close to the results of Nagarajan et al.*”} SEM images of
these CuCrO, thin films reveal a crystallite size up to 500 nm and high density.
However, the detection of CuCr,04 impurities by XRD is an important difference
to the samples of Nagarajan et al.*”! Therefore the results of Mahapatra and

Shivashankar!¢

reveal that an optimum microstructure is able to
overcompensate the impedimental influences of phase impurities on the
optoelectronic properties of CuCrO, thin films.

The share of spinel in the samples of Mahapatra and Shivashankar'®* even
seems to be higher than in the samples presented in this section, but
nevertheless the resistivit of the former is about two orders of magnitude lower
than of the latter. This confirms the influence of the microstructure on
conductivity. By providing more continuous conduction pathways with less gaps
and fewer obstructive grain bondaries, an increase in density and crystallite size
might also help to improve the performance of sol-gel CuCrO, thin films.B*}34]
A reduction of the single layer thickness in favour of a higher number of layers in
the stack is known to compensate the typical structural shortcomings of sol-gel
thin films to a certain extend.®*3°!! Moreover, it may even induce a beneficial
columnar growth mechanism throughout the whole layer stack.

For this reason the number of single layers was varied systematically between 2
and 30, always aiming to a final stack thickness of 300 nm. All samples
underwent only one final sintering step at 700 °C. SEM images of the samples
surfaces and cross-sections (see figure 5.36) clearly show an increase in density
and particle size of the CuCrO, thin films with increasing number of layers, which
also leads to a better connectivity of the particles. Neither of the samples exhibits
boundaries between the single layers, they are all completely intergrown.
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5.36d 5.36e 5.36f

Figure 5.36: SEM images of the surfaces (figures a-c) and cross-sections (figure
d-f) of copper chromium oxide thin films. The samples were
oxidized at 500 °C for 10 min and sintered at 700 °C for 15 min.
The stacks consist of four layers (5.36a and 5.36d), eight layers
(5.36b and 5.36e) and twenty layers (5.36¢c and 5.36f). Density of
the films increases with the number of single layers.

For simple sol gel systems that maintain their state of oxidation all the time such
structural improvements can be explained by the competition of surface-induced
heterogeneous crystallization and statistical homogeneous crystallization. Usually
thinner single layers are dominated by heterogeneous crystallization, which
facilitates the crystallization of the corresponding material in the next layer and
finally results in a dense layer stack and larger crystallites. But due to the
annealing procedure with several oxidation steps and one final annealing step in
inert gas atmosphere, this mechanism could only improve the growth of the
spinel during oxidation, but not the delafossite phase. Nevertheless, a decrease
in spinel impurities can be suspected from the surface images of the finished
samples due to disappearance of small spheric particles with increasing number
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of layers. This impression gets confirmed by the XRD patterns of the samples
(see figure 5.37).

As indicated in figure 5.37, the films are almost phase pure CuCrO, with tiny
traces of spinel. The decrease of the spinel phase with increasing number of
layers can be observed by the decline of its (101), (200) and (202) reflexes!?*®! at
18.6°, 29.6° and 37.7°, respectively. Besides, also the diminution of the peak at
31.4°, which is a superposition of the (112) reflex of the tetragonal spinel phase
and the (006) reflex of the rhombohedral delafossite phase,'*®®! as well as the
diminution of the peak at 35.4°, which is a superposition of the (211) reflex of
the spinel phase and the (101) reflex of the delafossite phase,®®® indicate a
lower spinel content of the samples with many single layers.
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Figure 5.37: XRD patterns of copper chrominum oxide thin films on borosilcate
substrates. Samples a, b, ¢ and d consist of two, four, eight and
twenty single layers, respectively. The samples were preoxidized at
500 °C and annealed at 700 °C in inert gas atmosphere thereafter.
The peaks indicated correspond to CuCrO, (O) and CuCr,O4 ().

The layer-by-layer deposition and oxidation should mainly affect the
crystallization of the spinel structure, thereby improving crystallinity and
microstructure of this intermediate. By impeding the release of oxygen and
setting higher kinetic barriers, both higher density and larger spinel crystallites
could obstruct the phase conversion during the final annealing step. On the
contrary, phase purity of the delafossite increases with the number of single
layers, although the dense microstructure of the layer stacks is preserved (see
figure 5.36). This could either be ascribed to repeated oxidation, which
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eliminates impedimental organic inclusions, or, which seems more likely, to the
densified microstructure itself, which allows a self-propagating crystallization of
the delafossite.

Scherrer analysis of the XRD data (not shown) revealed a general tencency of
increasing crystallite size of the spinel phase with increasing number of single
layers. Since every layer requires an oxidative annealing step, this result might
partially be due to the additional furnace time and partially to the larger share of
heterogeneously crystallized material. On the other hand, there was no evidence
for an influence of the number of layers on the crystallite size of the delafossite,
which is somehow contradictory to the observations made by SEM. However,
SEM images only show particles irrespective of their crystalline composition or
orientation, whereas XRD detects crystallites.

The optoelectronic performance of these multilayer samples, on the other hand,
shows an ambivalent behaviour. Whereas resistivity of the samples does not
depend on the number of layers and only fluctuates within the error of
measurement, the transmittance exhibits a rough general trend: The more single
layers, the lower is the transmittance of the sample (see figure 5.38). This can
be explained by the increasing density of the samples at almost constant total
thicknesses of the layer stacks because it means more absorbing material on the
same length of pathway.
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Figure 5.38: Transmittance spectra of multilayer CuCrO, thin film samples with a
total delafossite thickness of roundabout 600 nm. The
transmittance decreases with increasing number of single layers.
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In order to transfer the aforementioned benefits of sol gel multilayer coating on
crystallite growth to the delafossite, each new layer would have to be deposited
on a delafossite seed layer. Although causing a lot of additional effort, this could
enable the direct formation of dense delafossite crystallites in each layer guided
by the delafossite layer underneath via heterogeneous crystallization. For this
reason one sample was processed by multiple dip coating, followed by an
oxidation step and an annealing step in inert gas atmosphere after every single
coating cycle.

After deposition of each layer the sample was characterized by XRD both in
oxidized condition and after sintering. Whereas the first layer is still amorphous
after oxidation (see figure 5.39a), first frail reflections of CuCrO, can be identified
after sintering (see figure 5.39b). Remarkably, the delafossite phase persists the
next oxidation step and the intensity of its reflexes even increases. Traces of
spinel remain negligible. Obviously the delafossite seed layer facilitates the new
layer to crystallize in delafossite structure even during oxidation at 400 °C. The
subsequent annealing step further increases the signal intensity and thus seems
to complete the crystallization. Figures 5.39a and 5.39b document the
continuation of this growth mechanism up to layer fifteen.3*!
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Figure 5.39: XRD patterns of the fifteen layer CuCrO, sample that was oxidized
(figure 5.39a) and sintered (figure 5.39b) after deposition of each
layer. The numbers on the right indicate the number of layers
deposited. Traces of delafossite already crystallize in the first
sintering step and its intensity increases with every layer. All
reflexes idexed correspond to the delafossite phase.
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Further evidence for a heterogeneous crystallization mechanism, for the first
layer driven by the substrate or, in all other cases, by the underlying delafossite
layer, is given by the strong texture of the sample. Compared to random
crystallite orientation,'?®® the intensity of the (012) reflex at 36.5° is much too
strong. The preference for this orientation even seems to increase with the
number of layers deposited because the intensity of the (012) reflex increases
steadily, whereas for example the intensity of the (006) reflex at 31.4° remains
almost constant. This is due to the fact that the amorphous glass substrate is the
worst “seed layer” for heterogeneous crystallization. Nevertheless a slight
preference for a certain orientation was induced in the first layer by the favoured
growth direction of CuCrO,. The next layer growing on this seed layer, the share
of oriented material in this new layer might even be larger than in the first one.
In this way the texturing of the new material could increase layer by layer,
resulting in a continuous increase of the intensity of the (012) reflex, but almost
constant signals of all other reflexes.>*!

Moreover, the transmittance of the sample was measured after each sintering
step. According to Beer-Lambert law**!! the linear increase of total stack thick-
ness should lead to an exponential decrease of Ty. Ty of the substrates being
94 %, most of the absorptance is due to the delafossite films and the deviations
from Beer-Lambert law caused by the substrate might be negligible.*!
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Figure 5.40: Transmittance of the fifteen layer CuCrO, sample that was oxidized
and sintered after deposition of each layer. The exponential
decrease of transmittance with increasing number of single layers
seems to be heterodyned by an oscillating interference effect. The
line is drawn as guide to the eye.
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As can be seen in figure 5.40, the prospect of an exponential decrease of Ty is
confirmed by the measured data. Nevertheless, it seems to be heterodyned by
an oscillating interference effect. Alteration of the path length with increasing
number of layers shifts the maxima and minima of interference.*®!

The final transmittance of 17.7 % is quite close to the values of the dense
multilayer samples that had only been oxidized after every coating step (cf.
figure 5.38). This again might be due to the high density of the sample, which
can also be observed by its SEM images. Whereas the surface image (see figure
5.41a) shows a loose arrangement of stacked sharp-edged particles, the cross-
sectional view reveals that roughness and porosity are restricted to the upper ten
to twenty nanometers of the thin film (see figure 5.41b). Underneath the film
appears completely dense, the grains are so perfectly attached to each other and
the substrate that no voids and almost no grain boundaries become apparent.

5.41a 5.41b
Figure 5.41: SEM images of surface (5.41a) and cross-section (5.41b) of a
CuCrO, thin film sample on borosilicate substrate. The film was
deposited by fifteen cycles of coating and sintering. Porosity seems
to be limited to the surface of the sample, the lower part appears
completely dense.

For a more thorough investigation of the microstructure the sample was also
examined by TEM. The image in figure 5.42a shows that despite its improved
density the film consists of a majority of irregular grains. Only few column-
shaped crystallites that range from the substrate to the surface of the thin film
are present. This means that the thickness of the layers deposited by each
coating cycle was still too large to allow genuine columnar crystallite
growth.>3%2 However, the multiple coating led to areas with parallel lattice
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planes that are larger than 100 nm and even exceed grain boundaries (see figure
5.42b), which corresponds with the texturing detected by XRD (cf. figure 5.39).
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Figure 5.42: TEM images of the cross-section of the CuCrO, sample that was
deposited by fifteen coating and sintering cycles. The sample mainly
consists of irregular grains (5.42a). At higher magnification large
areas with parallel lattice planes become visible (5.42b).

The resistivity of 52.1 Q cm of the sample is the lowest value obtained in this
work for an undoped CuCrO, thin film. The close connection of the grains and
the absence of voids provides continuous pathways that facilitate propagation of
the charge carriers. But as these structural improvements strongly derogate the
transmittance of the material, the additional efforts of multiple coating are not
worthwhile. Compared to other TCO systems like aluminum-doped zinc oxide
processed by sol gel techique, the effect of multiple coating on the resistivity of
CuCrO, is far less pronounced.>?

5.3.1.3 Other compositions

Three further ternary oxide compositions were investigated in thin film form:
copper manganese oxide, copper iron oxide and copper cobalt oxide. As the
comparison between powder samples and thin films of both CuAlO, and CuCrO,
had revealed significant deviations, these new systems were investigated without
preceding powder experiments. Instead the experiences gathered on copper
chromium oxide were used as the starting point because Cr is directly followed
by Mn, Fe and Co in the periodic table, so that similar tendencies can be
expected. All sols processed were based on the corresponding M** acetate and
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copper(Il) acetate (see table 4.6). Either propionic acid or ethanol with the
additive EAH were used as solvents.

According to XRD (data not shown) thermal annealing of dip-coated copper
manganese oxide samples in air at temperatures between 400 and 700 °C
always led to the crystallization of the cubic spinel compound CuMn(.4+104,
which consists of Cu®* ions and a mixture of Mn** and Mn*'. Due to the sol
stoichiometry x should be close to 1.5 in the phase pure material. Higher
oxidation temperatures seem to favour x < 1.5 and thus a lower content of
Mn(IV). This can be concluded from the detection of small amounts of binary
CuO in the samples that were annealed at 600 and 700 °C. Annealing
temperature and cation ratio are well known to have an influence on the
stoichiometry of the spinel phase.>**! The solvent composition did not affect
the phase development or the outer appearance of the dark brown thin films.
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Figure 5.43: XRD patterns of a) copper manganese oxide and b) copper iron
oxide thin films on borosilcate substrates. The samples were
preoxidized at 500 °C and annealed at 700 °C in inert gas
atmosphere thereafter. The peaks indicated correspond to
CuMnO, (®) and CuFeO, (O).

Thermal annealing at 700 °C in inert gas atmosphere of a sample that had been
oxidized at 500 °C resulted in the crystallization of phase pure CuMnO, (see
figure 5.43a). But although having the correct stoichiometry, this compound does
not have delafossite structure. The d* high spin valence shell configuration of the
Mn3* ions causes a strong Jahn-Teller effect, which distorts the octahedral
coordination of the manganese ions by contracting it in z direction. This
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distortion leads to a lower monoclinic symmetry of the oxide. The structure is
named after the natural mineral crednerite, which actually has the composition
CuMnOz.[354'356]

SEM images of this sample (see figure 5.44a) show a dense arrangement of
layered grains, which look completely different from all delafossite thin films
obtained (cf. figure 5.44b). Hence the lattice geometry also affects the shape of
the crednerite grains.

Nevertheless, this compound also consists of planes of Cu®™ ions in linear
coordination and layers of Mn** ions in sixfold coordination, just like the
delafossite structure.®® Hence CuMnO, still might have the structural
prerequisites for p-type conduction. But the second annealing step did not
brighten up the sample, the crednerite thin film was of dark brown color. The
average transmittance in the visible range of the sample was only 14.6 % at a
total CuMnO, thickness of 400 nm. The strong absorption of the crednerite is due
to the possible transitions in the partially filled valence shell of the Mn** ions,
which result in a band gap of only 1.23 eV.B%!

In addition to the low transmittance, the use of crednerite as a TCO gets
inhibited by its insulating behaviour. Actually, the resistance of the sample
exceeded the measurement range of the multimeter. Bessekhouad et al. reported
a resistivity of 10000 Q cm for their CuMnO, samples.**®! This could be explained
by the possibility to oxidize the manganese ions to an oxidation state of +IV.
Instead of contributing to conduction in the copper planes, the holes h* get
captured by the manganese ions and remain stuck there. The barriers between
neighboring manganese ions in sixfold coordination then might be too high to
allow measurable charge carrier mobility.***'3%*! So despite suitable structural
properties, the electrochemistry of manganese inhibits p-type conduction in
CuMnO,. Doping also fails to increase the conductivity of crednerite

significantly.°®!
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5.44a 5.44b
Figure 5.44: SEM images of the surface of a CuMnO, thin film sample (5.44a)
and of a CuFeO, thin film sample (5.44b) on borosilicate substrate.
The samples were preoxidized at 500 °C and annealed at 700 °C in
inert gas atmosphere thereafter. The crednerite grains (5.44a) look
completely different from the delafossite grains (5.44b).

Only a sol with the solvent ethanol and the additive EAH was used for the
processing of copper iron oxide thin films. According to XRD (data not shown)
thermal annealing of these films in air between 400 and 700 °C always resulted
in a mixture of CuO, Fe,0; and the cubic spinel compound CuFe,04. Most of the
reflexes of the latter two compounds coincide,®®) which makes it impossible to
determine the ratio of them.

Sintering in inert gas atmosphere at 600 °C of a sample that had been oxidized
at 500 °C initiated a reaction in the thin films, which led to the formation of
delafossite, CuFeO,. Just like for CuCrO, and CuMnO,, a sintering temperature of
700 °C was necessary to complete this reaction, resulting in phase pure CuFeO,
thin films (see figure 5.43b). By contrast Mugnier et al.['**'B!% were able to
crystallize phase pure CuFeO, in their sputtered thin films at 450 °C in inert gas
atmosphere by elongated annealing times. On the other hand, Zhao et al.[***/1357]
had to use a temperature of 950 °C in inert gas atmosphere in order to ensure
phase purity of their CuFeO, powder samples. Hence the special condition of the
thin film like high surface to volume ratio seems to facilitate the phase transition.
SEM investigation of the microstructure of the CuFeO, thin film revealed a
granular particle growth with very uniform size distribution (see figure 5.44b),
which is rather similar to the identically synthesized CuCrO, samples (cf. figure
5.35) and the results of the sputtered films of Barnabé et al.['**! Despite these
similarities the resistivity of the cuprous ferrite processed by sol gel technique in
this study was as low as 3.0 Q cm, which is significantly lower than the
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1000 © cm of the sputtered material.[**?! This value is even the lowest resistivity
obtained for all CuMO, compounds examined in this study. P-type
semiconductivity could also be proven for this sample by a positive Seebeck
coefficient of 750 puV/K.

However, the transmittance of this sample was only 0.07 % at a total delafossite
thickness of 700 nm, which, similar to manganese, might be due to an
insufficient band gap that results from the partially filled d valence shell of the
iron ions.['*? Thus the use of CuFeO, as a TCO appears very unlikely.

Although CuCoO, has already been synthesized hydrothermally in 1971,% no
successful thin film syntheses of this compound have been reported so far.”!
Motivated by the straightforward syntheses of CuCrO,, CuMnO, and CuFeO,, it
was also attempted to synthesize the next compound in this row via sol gel
processing.

The copper cobalt oxide samples obtained from the two sol compositions based
on the solvents ethanol and propionic acid showed identical behaviour during
oxidation in air at 400 to 700 °C. According to XRD analysis they consisted of
CuO and a mixture of Cos04 and CuCo,0,. Just like in the system copper iron, the
range of compositions between these latter two compounds is seamless and their
reflections are almost identical,'?®® which makes it impossible to determine the
exact stoichiometry of this cubic spinel via XRD. In air Co304 is known to
decompose into CoO above 920 °C,*®! whereas cupric oxide requires 1026 °C to
turn into cuprous oxide.l'*? Thus Co®* has already decomposed before Cu® is
even formed, and so in air there seems to be no temperature range, in which the
constituents of the delafossite phase coexist. Rather, Cu®** and Co®* form a
ternary oxide of the formula Cu,Co;,O with variable composition x and rocksalt
structure, 359113601

In contrast to the other systems based on the transition metals chromium,
manganese and iron an additional annealing step in inert gas atmosphere did not
change the composition of the samples. Sintering at 700 °C merely increased the
crystallinity of the samples, which could be detected by a slightly increased
intensity of the XRD signals. Due to the substrate material borosilicate glass no
higher annealing temperatures were applied. Moreover, copper cobalt delafossite
is known to decompose in inert gas atmosphere at temperatures above 680 °C
by releasing oxygen, resulting in a mixture of cobaltous oxide and cuprous
oxide.l*®! Because of these negative results and the absence of successful thin
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film syntheses in the literature experiments on cobalt were cancelled. In fact, the
synthesis of CuCoO, with delafossite structure seems to be limited to methods
that are not bound to equilibrium conditions, like hydrothermal synthesis®®? or
ion exchange reactions. "]

5.3.2 The quaternary system copper aluminum chromium oxide

Experiments on ternary systems had revealed that the most promising
candidates for p-TCO application are copper aluminum oxide and copper
chromium oxide. CuAlO, has the highest transmittance by far, and CuCrO, has
the best transmittance of all systems that could be synthesized at 700 °C. Hence
the next idea was to create a solid solution from these two, which might have a
lower preparation temperature than CuAlO, and additionally a higher
transmittance than CuCrO,.

5.3.2.1 Basic investigations

So far oxides of the formula CuAl;Cr,O, only have been investigated in a very
small range of possible compositions x,°®'*! and no wet-chemical approach
towards these materials has been published yet. Hence these oxides may have
an undiscovered potential for TCO application.

In order to check the general feasibility of such a quaternary delafossite material,
the stoichiometry CuAlysCros0, was chosen for the basic experiments. Just like
for the two parent systems, the phase development of the quaternary thin films
during oxidation was investigated first. The XRD patterns of the samples oxidized
at increasing temperature (cf. figure 5.46) reveal that the phase development
proceeds via crystallization of Cu,0O at 200 °C, oxidation of this compound
between 300 and 400 °C, resulting in CuO and finally crystallization of cubic
spinel phase at 500 °C, which is almost identical to the ternary systems.

Actually, the last step is a compromise between the development of the ternary
parent systems. Compared to CuCrO,, the admixture of aluminum retards the
crystallization of the spinel phase up to 500 °C, whereas compared to CuAlO, the
admixture of chromium facilitates the crystallization of spinel, lowering its
crystallization temperature by more than 200 °C. The latter effect also
minimalizes the obstructive phase separation observed for CuAlO, by separately
crystallizing CuO (see section 5.3.1.1).
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Moreover, only slight traces of genuine ternary CuCr,04 could be detected by its
precise diffraction angles. The reflexes of the dominant spinel phase, however,
lay exactly in the middle between the corresponding reflexes of cubic CuAl,O4
and CuCr,0,.%%®! This means that chromium and aluminum remained mixed at
atomic level, thereby creating a spinel phase whose lattice parameters are the
mean values of the two parent systems. Hence the composition of this compound
should be close to CUAICrO,.

Since two-step thermal annealing had turned out to be the most appropriate
processing method, the next step was to treat preoxidized samples at elevated
temperatures under flowing argon atmosphere. The corresponding XRD patterns
are given in figure 5.45. All samples have been oxidized at 500 °C in air.
Annealing at 600 and 633 °C does not change the composition of the samples,
but at 666 °C first traces of a delafossite phase occur. At 700 °C this phase
becomes dominant and finally phase purity is accomplished after annealing at
750 °C.
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Figure 5.45: XRD patterns of copper aluminum chrominum oxide thin films on
borosilcate substrates with an aluminum to chromium ratio of 1.0.
After oxidation at 500 °C the amples a, b, ¢, d and e were annealed
at 600, 633, 666, 700 and 750 °C, respectively, in inert gas
atmosphere. The peaks indicated correspond to CuO (V),
CuAly 5Crq.50, (O), cubic CuCr,04 (K) and cubic Cu(Al,Cr),0, (m).

Similar to the cubic spinel phase after oxidation, the reflexes of this delafossite
phase lie exactly between the reflexes of pure CuAlO, and CuCrO,. The lattice
parameters calculated from the diffraction angles are a=2.93A and
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c = 16.99 A, which is exactly between the values of the parent systems CuAlO,
(a =2.86 A and c = 16.97 &) and CuCrO, (a = 2.97 & and c = 17.10 A).1?*® This
again confirms the perfect mixture of aluminum and chromium ions at atomic
level, averaging the lattice distances.

The sample that had been annealed at 750 °C showed a transmittance of
33.2 %. Considering its layer stack thickness of 300 nm, this value outreaches
the properties of all undoped CuCrO, samples. Its p-type semiconductivity was
proven by a positive Seebeck coefficient of +170 pV/K, combined with a
resistivity of 204 Q cm. Thus the lower resistivity of copper chromium delafossite
could be preserved, whereas the aluminum share led to a significantly improved
transmittance. The factors influencing the optoelectronic properties of
CuAl;,Cr0, are discussed in detail in the next section.

5.3.2.2 Optimization of thin film performance

As the previous results had revealed the feasibility of CuAlysCro 50, thin films (see
section 5.3.2.1), further experiments were conducted to tune the properties of
this material. For CuCrO, the oxidation temperature was the processing
parameter with the largest influence on the performance of the final thin film.
Hence it was suspected to influence CuAly sCrg 50, thin films as well.
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Figure 5.46: XRD patterns of copper aluminum chrominum oxide thin films on
borosilcate substrates. Samples a, b and ¢ were oxidized at 400,
500 and 600 °C, respectively. The peaks indicated correspond to
CuO ('¥) and cubic Cu(Al,Cr),04 (m).
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The XRD patterns of such samples oxidized at 400, 500 and 600 °C are given in
figure 5.46. The sample oxidized at 400 °C only shows small reflexes of CuO and
seems to be fairly amorphous. In contrast to that, oxidation at 500 °C results in
highly crystalline Cu(Al,Cr),0, spinel, and the intensity of the corresponding
reflexes of the sample oxidized at 600 °C is even higher. Moreover, this sample
also shows separate reflexes of cupric oxide, which indicate the occurrence of a
phase separation. Especially the prevention of the latter effect by low oxidation
temperatures has shown to be beneficial for the crystallization of CuCrO,. Thus
this could also positively influence the CuAly 5Crq 50, thin films.

T, =600 °C

T, =500 °C

intensity [arbitrary units]

T, =400 C

10 20 30 40 50 60 70
20 []

Figure 5.47: XRD patterns of copper aluminum chrominum oxide thin films on
borosilcate substrates. Samples a, b and ¢ were preoxidized at 400,
500 and 600 °C, respectively, and annealed at 700 °C in inert gas
atmosphere thereafter. The peaks indicated correspond to
CuO (¥), CuAlg5Crg50, (O) and cubic Cu(Al,Cr),04 (m).

The oxidation temperature had a massive influence on the phase composition of
the thin films after annealing in inert gas atmosphere at 700 °C (see figure 5.47).
The sample that had been oxidized at 400 °C is clearly dominated by the
delafossite phase, accompanied by slight traces of spinel, but no cupric oxide.
With increasing oxidation temperature the intensity of the reflexes of residual
spinel and also of cupric oxide increase and become dominant for the sample
oxidized at 600 °C. Thus a low oxidation temperature facilitates the conversion
into the delafossite phase, which is in perfect accordance with the results for
CuCrO, (see section 5.3.1.2). The causes for this effect might again be the
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prevention of an impedimental phase separation and the formation of less and
smaller crystallites during oxidation at 400 °C.

The influence of the oxidation temperature on transmittance and resistivity of the
final thin film is presented in figure 5.48. It clearly shows that not only phase
purity, but also the optoelectronic performance of the thin films benefits from a
low oxidation temperature. p increases from 17 Q cm for the sample oxidized at
400 °C to 2200 Q cm for the sample oxidized at 600 °C. Simultaneously, the
optical transmittance decreases from 44 % to 15 %. A similar, but less
pronounced trend has already been observed for the copper chromium system.
This can easily be explained by the massive effect of the oxidation temperature
on the phase purity of the resulting delafossite thin film (cf. figure 5.47). The
former effect, however, opposes the results of CuCrO,, where a decrease of
resistivity had been observed. Actually, the increased resistivity also might be
related to the phase purity of the CuAlysCrys0, samples, which overcompensates
the averse effect of the oxidation temperature on the charge carrier generating
intrinsic defects.
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Figure 5.48: Optoelectronic performance of CuAlysCrosO, thin film samples that
had been oxidized at different temperatures. All three samples were
annealed in inert gas atmosphere at 700 °C for 15 min. The lines
were only drawn as guides to the eyes.

The best performance of all undoped delafossite thin films was obtained by
raising the annealing temperature to 750 °C instead of 700 °C. Due to a further
improved phase purity (data not shown), this led to a transmittance of 49 % and
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a resistivity of 11 Q cm for a sample that had been oxidized at 400 °C. Consider-
ing substrate stability, these values were reserved to samples on fused silica.
Actually, this resistivity value outperforms the values of both parent systems. The
mixture of aluminum and chromium ions at atomic level is likely to facilitate the
formation of disorder and imperfections due to their different ionic radii and
bonding distances.®?! As imperfections in general are considered to be
responsible for intrinsic charge carrier formation in oxides with delafossite
structure, 139186001 tha higher conductivity of the quaternary system might
be due to an increased charge carrier density.

5.3.2.3 Experiments on stoichiometry

Since the experiments on the quaternary system CuAlysCros0, had revealed
outstanding p-TCO performances, the next step of optimization was to vary the
composition x of CuAl,,Cr,0,. Thanks to the flexibility of sol-gel processing, the
adjustment of the composition could easily be achieved by altering the ratio of
precursors. Thin films with x = 0.5 already requiring annealing temperatures of
750 °C to achieve phase purity and top performance, the focus of this
experimental series was to lower the aluminum content of the samples in order
not to increase this temperature even further.
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Figure 5.49: XRD patterns of copper aluminum chrominum oxide thin films on
fused silica substrates. All samples were preoxidized at 400 °C and
annealed at 750 °C in inert gas atmosphere thereafter. The
chromium share x was varied between 0.5 and 0.9. The peaks
indicated correspond to the delafossite phases CuAl;Cr,O, (O).
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The effect of lowering the Al content (x > 0.5) can already be detected by the
changes in the corresponding XRD patterns. Figure 5.49 shows the patterns of
five samples annealed at 750 °C with different compositions x. Although all five
samples clearly consist of pure delafossite phase, the properties of this phase
slightly change with decreasing aluminum share. On the one hand, the full width
at half maximum of the delafossite reflexes continuously decreases, indicating an
increasing crystallite size. The results of the corresponding Scherrer calculations
are given in figure 5.50. Thus a higher aluminum share again seems to have an
impedimental effect on crystallization of the delafossite phase. Figure 5.50 also
shows the ratio of the values calculated from the two reflexes examined. The
constant increase of this ratio with increasing chromium share x reveals that the
preference for one growth direction and thus the crystallite shape is affected by
the cation composition. The anisotropy is enhanced by high chromium shares.

1204- O~ (006) reflex O
{—8— (104) reflex T 5
100 ratio (006)/(104) ju
/
B ’ 4
£ 80 )/ 3
N / T
D / 3 &
2 60+ ’ S
= )/ o
b _-g 2 B
S 40+ _--O-~ -
4 - - - ’D -
PR [ [ ]
204 O7 - 1
] -/. | ] n
0 T T T T T T T T T T T -0
0.5 0.6 0.7 0.8 0.9 1.0

chromium share x

Figure 5.50: Crystallite sizes of CuAl,.,Cr,O, thin films on fused silica annealed at
750 °C with different chromium shares x. The values were
calculated by the Scherrer formula from the FWHM of the (006) and
(104) reflexes of CuAl;,Cr,O,. Lines were simply drawn as guides to
the eyes, the gray line represents the ratio of the values calculated
from the (006) reflex and the (104) reflex.

On the other hand, close examination of the XRD patterns reveals a slight shift of
the reflexes of the delafossite phase towards smaller diffraction angles with
decreasing aluminum share (cf. figure 5.49). Fitting these new angles to a
hexagonal unit cell by the Diffrac Plus Evaluation software®®”! indicates an
increase of both the lattice parameters a and c (see figure 5.51). The lower the
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aluminum content, the more closely the dimensions of the samples’ unit cells
approximate the values of ternary CuCrO, powder (a=2.97A& and
c = 17.10 R).%8) In accordance with the conclusions drawn in section 5.3.2.1 this
gives further evidence for the random distribution of AP* and Cr’* in the
delafossite lattice of CuAl;Cr,O..
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Figure 5.51: Development of the unit cell parameters a and c of the hexagonal
delafossite phases CuAl,.,Cr,O, with increasing chromium content x.
Lines are drawn as guides to the eyes.

Beside structural changes the composition x of CuAl,.,.Cr,O, also affects the
optoelectronic performance of the delafossite thin films. But whereas
transmittance decreases with decreasing aluminum share, the resistivity
increases continuously at the same time. These trends are shown in figure 5.52.
The behaviour of transmittance can at least partially be explained by the
absorptions of chromium(III) ions. Due to their octahedral coordination the
energy level of the incompletely filled valence d shell splits into an empty g4 level
and a half-filled t,4 level. The energy gap between these two levels is very likely
to correspond to light wavelengths in the visible range. Excitation of an electron
absorbs these wavelengths and thus may limit the transmittance of CuCrO,. In
contrast to that AP’* neither possesses a d shell, nor has it any other kind of
intraionic absorption in the visible range. Hence the transmittance of CuAl;.,Cr,O,
decreases with increasing chromium content x.
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So called d'°-d'° interactions of the copper(I) ions also have been said to limit the
transmittance of oxides with delafossite structure.l?'?81[2°1 On the contrary, the
results shown in figure 5.52 indicate that such interactions do not affect the
optical properties of delafossites. Together with the lattice parameters a and ¢
(see figure 5.51), the distance of the copper ions decreases with increasing
aluminum content in CuAl;,Cr,O,. This should also lead to more intense copper
interactions and therefore cause stronger absorption. Actually, the optical
performance of CuAl;Cr,O, behaves contrariwise, which is in accordance with
the results of Kandpal et al.,*” who considered d'°-d* interactions of Cu(I) ions
in delafossites to be negligible.
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Figure 5.52: Dependence of the optoelectronic performance of CuAl;.,Cr,0, thin
film samples on the chromium content x. The lines are drawn as
guides to the eyes.

The explanation for the behaviour of the resistivity seems to be more
complicated and might be the result of three cooperating factors. The mixture of
AP* and Cr** on the octahedral lattice position seems to facilitate the formation
of lattice imperfections, which in turn are likely to generate defects that increase
the number of charge carriers for p-type conductivity. The maximum disorder
with the largest number of imperfections should result at the composition x = 0.5
and so CuAlysCros0, might have the highest charge carrier density, which is in
accordance with its high conductivity. According to this consideration the
resistivity of samples with even lower x values should increase again, but
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unfortunately the crystallization of the delafossite phase in such samples requires
sintering temperatures higher than 750 °C, which prevents a direct comparison.

5.53a 5.53b

Figure 5.53: SEM images of the cross-sections of a CuAlysCrysO, thin film
sample (figure 5.53a) and a CuAly;Crg¢0, thin film sample (figure
5.53b) on fused silica substrates. Both samples were oxidized in air
at 400 °C for 10 min and sintered at 750 °C in inert gas atmosphere
for 15 min.

The other two factors are based on the structural changes caused by the cation
ratio. With increasing chromium share the crystallites become larger, but at the
same time the gaps between the crystallites also increase (see figure 5.53). This
lower connectivity might cause “bottlenecks” for charge transport, which limit the
conductivity. Secondly, the increase of the unit cell parameters results in larger
distances between the copper(I) ions. Since the interactions of these ions are
considered to be the basis of conductivity via small polaron hopping in
delafossites, 151183111851 5 weakening of these interactions should result in higher
resistivity. But so far small polaron hopping has not yet been proven undoubtedly
to be the dominant conduction mechanism in highly conductive
delafossites, 3118
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5.3.3 Impact of dopants on delafossite thin films

Extrinsic dopants are known to significantly decrease the resistivity of oxides with
delafossite structure. The most common way of doping is to partially replace the
trivalent cations by divalent ones in order to induce additional acceptor levels
close to the valence band. Best results and highest doping efficiency can be
achieved when the ionic radius of the dopant ion is similar to the ion that has
been replaced. For example, Mg®* (r = 72.0 pm)©?*! turned out to be the best
dopant for CuCrO, (r(Cr**) = 61.5 pm)©?%!, whereas the highest conductivities for
CuYO, (r(Y**) =89.2 pm)*®®! could be obtained by Ca®* (r = 100 pm)&*!
doping.[35]'[37]'[57]

Dopant ions could easily be introduced into the sols of copper aluminum oxide,
copper chromium oxide and copper aluminum chromium oxide by soluble
precursors. After preliminary tests on doped copper aluminum oxide powders
(see section 5.2.2.1) the effect of extrinsic doping on thin films of these three

most promising systems was investigated.

5.3.3.1 Effects on copper aluminum oxide

Despite the small radius of the aluminum ion of 53 pm®®**! and the resulting
misfit of divalent dopant ions, theoretical calculations also predicted a beneficial
effect of doping on the conductivity of CuAlO,, especially for the dopants Be**
and Mg?*.[2151320] Nevertheless, realization of this doping principle for CuAIO, has
proven to be rather difficult because the introduction of the dopants resulted in
the formation of phase impurities instead of an increased charge carrier
concentration.BM5M2%8] Only recently the first examples of effectively doped
CuAlO, were reported by Park et al.[?%11?28] and Dong et al.[*>!

Inspired by these works, the dopants Mg**, Zn** and Ca** were chosen for the
experiments on CuAlO,. According to SEM (data not shown), a dopant
concentration of 5 % did not change the microstructure of the thin film samples
at all. The corresponding XRD patterns are shown in figure 5.54. In the doped
thin films, cuprous oxide is the major impurity phase, which can be determined
by its characteristic (110) reflex at 26 = 29.6° and also by the ratio of the (012)
reflex of CuAIO, at 26 = 37.8° and the reflex at 36.6°, which is a superposition of
the (101) reflex of CuAIO, and the (111) reflex of cuprous oxide.!?8
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Compared to the undoped sample (see figure 5.29c), the amount of spinel
impurities significantly increased in the Zn- and the Mg-doped sample, which is in
accordance with the corresponding powder experiments (see section 5.2.2.1).
The divalent ions Zn** and Mg** perfectly suit the structural demands of the
corresponding ternary spinel with aluminum. These spinels might also be formed
during oxidation, and since their reflections are almost identical to those of
CuAl,0,, they cannot be distinguished by XRD.[**®! But actually the occurrence of
spinel reflexes in the XRD patterns of the Mg- and the Zn-doped samples is a
strong indication for the formation of MgAl,O, and ZnAl,O,. Due to their
thermodynamic stability,*%?! they even outlast the annealing step in inert gas
atmosphere, thereby preventing effective doping of the delafossite. By
consuming the Al cations, the formation of these spinels could also explain the
higher amount of residual binary copper oxides. Park et al.l*®® also found
MgAl,O, to be the main impurity in their Mg-doped CuAlO, pellets, whereas their
undoped sample was phase pure. Dong et al.,[*** however, could not detect any
secondary phase in their doped CuAlO, thin film samples with Mg-concentrations
up to 5 %.
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Figure 5.54: XRD patterns of three doped CuAlO, thin films annealed at 900 °C.
Samples a, b and ¢ were doped by 5 % magnesium, zinc and
calcium, respectively. The peaks indicated correspond to Cu,O (#),
CuO (V¥), the spinel phases CuAl,0,4, ZnAl,0, and MgAl,O,4 (all m),
Al,O3 (A) and CuAlO, (O).
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Further evidence for the contribution of the dopants Mg and Zn to the spinel
impurities in the corresponding samples is given by the absence of spinel reflexes
in the XRD pattern of the Ca-doped sample (see figure 5.54). Similar to the Mg-
and Zn-doped sample, five percent of the aluminum are replaced by a divalent
ion, but in the case of Ca** this does not induce the crystallization of a spinel
phase. Thus not just the replacement of the trivalent ion by a divalent one, but
the specific character of this divalent ion must be responsible for the
crystallization of the spinel impurity.

Besides containing no spinel, this sample also seems to have the lowest content
of binary copper oxides of all samples in this series. In contrast to the
corresponding powder samples (see section 5.2.2.1, especially figure 5.12), none
of the impurities seems to be directly related to Ca. This could mean that the Ca
forms no impurities and remains distributed homogeneously in the thin film. On
the contrary, this difference between powder samples and thin film samples is
probably due to the lower temperature and shorter duration of the annealing
step of the thin films because the crystallization of ternary calcium aluminum
oxides requires at least 850 °C and annealing times of several hours.%*! So the
calcium is not necessarily incorporated into the delafossite, its detection by XRD
could also fail because the related impurities are still amorphous.

The resistivity measurements of the samples seem to agree with this
explanation. Instead of being decreased, resistivity of the doped samples is even
increased by factors of eight to thirteen compared to their undoped counterpart.
Values of 6.53 kQ cm, 3.86 kQ cm and 3.96 kQ cm were obtained by 5 % Mg-,
Zn- and Ca-doping, respectively. For the Mg-doped sample and the Zn-doped
sample this might be due to the fact that most of the dopant ions are bound in
the spinel phase and hence cannot contribute to the charge carrier density of
CuAlO,. Although no Ca-containing impurities could be detected in the
corresponding sample by XRD, the Ca®* ions do not work as effective dopants
either. Park et al.,’?® however, were able to detect ternary calcium aluminum
oxides as impurities in their 5 % Ca-doped copper aluminum oxide sample, and
simultaneously the resistivity of the sample was slightly lower than for the
undoped one. Beside the porous and strain-free condition of their pressed
powders, the annealing procedure of Park et al. with at least 20 h at 1200 °C in
air might be the major reason for the discrepancies in phase composition and
doping efficiency between their samples and the Mg- and Ca-doped thin films
presented in this work.
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The effects of the dopants on the transmittance of the samples are also different
and again closely related to XRD. The transmittance of the Mg-doped sample is
identical with the undoped sample, Ty = 24.9 %. In accordance with its higher
content of cuprous oxide (see figure 5.54), the transmittance of the Zn-doped
sample drops to 22.8 %. In contrast to that the 5 % calcium doping increases
the transmittance to 31.8 %, the Ca-doped sample being the purest and
therefore most transparent. Since they obtained phase pure CuAl;,,Mg,O, thin
film samples, Dong et al.'>*! observed a completely different effect of Mg doping.
By introducing additional levels within the band gap, the Mg ions cause a
narrowing of this band gap and hence the transmittance decreases with
increasing dopant concentration. At the same time these additional levels
improve the conductivity by a factor of 200, resulting in a resistivity of 14 Q cm
for CuAlp.95sMgo 050,.

Weighing the effects of doping agaist each other leads to the conclusion that
doping for sol-gel processed CuAlO, does not pay off, especially due to its
negative influence on resistivity. In comparison to the positive results of Dong et
al.®! for RF-sputtered thin films, the reason for this failure of the doping
experiments seems to be the crystallization of copper oxides and spinel phases
during the oxidation step, which promotes phase separation and thus interferes
with a homogeneous distribution of the dopants.

5.3.3.2 Properties of doped copper chromium oxide

Magnesium is the most popular dopant for CuCrO, thin films by far, irrespective
of the processing technique.l>’}[6211631[123][150],[168][211],[212} 1318} 319) Tha optimum
Mg concentration has not been figured out undoubtedly yet, it ranges between
3 % at Ono et al.?'!! as well as Sadik et al.**®! and 8 % at Chiu et al.l*®! Actually,
this discrepancy must be due to differences of the doping efficiencies of the
various deposition techniques. The most impressive optoelectronic properties of
CuCr;,Mg,0, have been obtained by Lim et al. (p = 1.0 Q@ cm, Ty = 80 %),!**" Li
et al. (p = 0.025 Q@ cm, Ty = 55 %)°™! and Nagarajan et al. (p = 0.0045 Q cm,
Tv = 30 %),*”! whose resistivity value still represents the record for all
transparent p-type semiconducting oxides with delafossite structure.!
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Only few publications describe the effects of other dopants such as Ca**, Zn**
and Nj?* 1172112091364 Nevertheless, these candidates are also able to decrease the
resistivity of CuCrO,. For this reason their potential was investigated in this study
beside the focus on Mg doping.

For a direct comparison of the four selected dopant ions, a dopant concentraton
of x = 0.10 in CuCry,X,0, was used. The XRD patterns of the thin film samples
annealed at 700 °C (see figure 5.55) show that Zn- and Mg-doping result in the
crystallization of traces of phase impurities like CuO or the spinel phases CuCr,0,,
ZnCr,0, and MgCr,0., which can hardly be distinguished by XRD.!*®®! Just like in
doped CuAlO, (see section 5.3.3.1), the divalent ions Zn** and Mg** perfectly suit
the structural demands of the spinel phases, and since the ions involved maintain
their state of oxidation throughout the whole sintering procedure, these spinels
are likely to form already during oxidation and to persist the second annealing

step.
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Figure 5.55: XRD patterns of doped copper chrominum oxide thin films on
borosilcate substrates with different dopants. All samples were
oxidized in air at 400 °C. Sample a, b and ¢ were doped with Ca, Zn
and Mg, respectively, and annealed at 700 °C, whereas sample d
was doped with Ni and annealed at 600 °C. The peaks indicated
correspond to delafossite phase (O), CuO (V¥) and cubic
spinel (CuCr,04, MgCr,04 or ZnCr,0,4, W),

On the other hand, Ni doping results in phase pure delafossite thin films already
at an annealing temperature of 600 °C (see figure 5.55d). Thus Ni** is the
dopant that can be integrated best into the delafossite lattice, thereby even
facilitating the crystallization. This provides a larger variety of possible substrate
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materials, which can be a decisive advantage for industrial application of doped
CuCrO,. Ca doping can also result in almost phase pure thin films (see figure
5.55a), but it requires an annealing temperature of at least 700 °C. Moreover,
the incorporation of Ca** drastically changes the ratio of the delafossite reflexes,
especially amplifying the (012) reflex at 36.4°. This indicates a strongly
anisotropic crystallite growth.

5.56e
Figure 5.56: SEM images of the surfaces of copper chromium oxide thin films.
The samples were oxidized at 400 °C for 10 min and sintered at
700 °C for 15 min. Sample a was undoped, whereas in samples b,
¢, d and e 10 % of the chromium ions were replaced by calcium,
zinc, magnesium and nickel, respectively.

As can be seen from the SEM images in figure 5.56, the dopants also affect the
microstructure of the thin films by influencing the grain size and shape. But
whereas zinc (figure 5.56c), magnesium (figure 5.56d) and nickel (figure 5.56€)
simply obstruct the grain growth in general and hence lead to smaller grains, the
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dopant calcium also induces changes in the energetics of the preferred growth
direction of the doped copper chromium oxide. The result is a fundamental
change in the proportions of the delafossite crystallites, whose shape is altered to
platelet- to needle-like (see figure 5.56b). This is in perfect agreement with the
anisotropic reflex ratio observed in the corresponding XRD pattern (see figure
5.55a). Although the resulting loose microstructure of the Ca-doped thin film
might impede electric conducitivity, the effect on grain shape at least confirms
the incorporation of the large Ca®* ions (r = 100 pm)©®! into the delafossite
lattice by the strongly altered aspect ratio of the crystallites. Nevertheless, the
other dopants better suit the size of the substituted Cr’* ions and hence their
integration into the lattice causes fewer deviations from the undoped CuCrO,.
Despite all structural effects, the intention of doping copper chromium oxide is to
improve its optoelectronic properties. Ca-, Zn- and especially Mg-doping are able
to improve the optical transmittance of CuCrO,, resulting in T, values of 39.2 %,
38.6 % and 47.6 % for CuCrgg9Cag.1002, CuCryg9Zno.100; and CuCrg9oMgg.100,,
respectively. Similar to the effect of increasing Al share in CuAl;,Cr,O, (see
section 5.3.2.3), a partial replacement of the chromium ions with their
incompletely filled d shells leads to a higher optical transmittance. In accordance
with this explanation, doping with nickel ions, who also possess a partially filled d
shell and thus also may absorb in the visible range, does not affect Ty, which is
30.6 % for the CuCrggNig.100, sample and thus almost identical with the
undoped sample. But actually this positive effect of Ca-, Zn- and Mg-doping on
the optical transmittance opposes the effects of doping reported by Tonooka et
al.,!%? Rastogi et al.l'®®l and Sadik et al.,®'®! who attributed the decrease in
transmittance of their samples either to the absorption of phase impurities or to
a curtailment of the band gap by the new energy levels induced by the
dopant.[*¢8!

These new energy levels are able to increase conductivity by generating
additional charge carriers. For the CuCrggoCag.100;, CuCrg.90ZNg.100;,
CuCrg.90MQgp.100, and CuCrg.goNip 100, thin film samples resistivities of 35.6 Q cm,
8.78 & cm, 4.45 Q cm and 13.0 Q cm were obtained, which is a decrease of at
least a factor of five for all four dopants compared to undoped samples.
However, calcium is the least effective dopant, which is also in accordance with
the results of Hayashi et al.['’?! This seems to be due to its huge ion radius,
causing a drastical change in the aspect ratio of the delafossite crystallites. The
resulting platelets and needles (see figure 5.56b) only possess small contact
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areas, which limit the current flow. In further accordance with the results of

Hayashi et al.,''”? the resistivity of Zn- and Ni-doped CuCrO, is almost identical

and is still a factor of two higher than of the Mg-doped counterpart. Thus the

smallest of the four dopants examined induces both the highest optical

transmittance and the lowest resistivity in copper chromium oxide. For this

reason Mg doping was studied more closely in further experiments.

The experiments on undoped CuCrO, had revealed that crystallite orientation and

density of thin films can significantly be influenced by multiple layer deposition

(see section 5.3.1.2). These structural changes also had decreased the resistivity

of the thin films by a factor of four. For this reason it seemed possible to further

improve the conductivity of CuCry9oMgo.100, by a similar multiple coating

procedure with separate oxidation and sintering steps after every single coating

cycle.
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Figure 5.57: XRD patterns of the fifteen layer CuCrggoMgo.100, sample that was
oxidized (figure 5.57a) and sintered (figure 5.57b) after deposition
of each layer. The numbers on the right indicate the number of
layers deposited. Traces of delafossite already crystallize in the first
sintering step and its intensity increases with every layer. All
reflexes idexed correspond to the delafossite phase.
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Figure 5.57 shows the XRD patterns of such a doped multilayer sample both after
oxidation (figure 5.57a) and after annealing in inert gas atmosphere (figure
5.57b). Similar to the undoped counterpart, the delafossite phase starts to
crystallize from the amorphous oxidized film in the first sintering step. In the
course of further coating cycles, the delafossite phase outlasts all oxidation steps
at 400 °C and even seems to act as a seed layer for the new material, inducing
its direct crystallization as delafossite during oxidation and its strong texturing
with a clear preference for the (012) reflex. Similar phenomena also were
observed for the undoped CuCrO, multilayer sample (see figure 5.39), the
differences in phase development between the undoped and the Mg doped
sample are marginal.
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Figure 5.58: Crystallite size of the CuCrq9yMgy 100, delafossite phase in thin films
as a function of the number of deposited layers both in oxidized
condition and after sintering. The values were calculated by the
Scherrer formula from the FWHM of the (006) reflex. Black lines
were simply drawn as guides to the eyes, the straight gray line
represents the total film thickness.

The constant growth of the delafossite crystallites in the multilayer
CuCry90Mg.100, sample both after oxidation of a new layer and after the
corresponding sintering step can also be displayed by a Scherrer analysis of the
X-ray reflexes (see figure 5.58). The values calculated from the FWHM of the
(006) reflex of the delafossite are permanently in the same order of magnitude
as the total film thickness, which is even larger than for the undoped multilayer
sample.
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SEM images of the doped sample (figure 5.59) show a homogeneous
arrangement of large, densely intergrown crystallites. Porosity seems to be
limited to the surface of the sample (figure 5.59a), whereas no voids can be
detected in the lower part of the cross-section (figure 5.59b). Although the cross-
section of the undoped sample (see figure 5.41b) appears more uniform, a
comparison of the surface images in figure 5.41a and 5.59a reveals the doped
sample to have the larger crystallites. Together with the results of the Scherrer
analysis, this indicates a conductive influence of the dopant magnesium on the
crystallization of the delafossite phase in the multilayer sample.

Figure 5.59: SEM images of surface (5.59a) and cross-section (5.59b) of a
CuCrp.90Mgg.100; thin film sample on borosilicate substrate. The film
was deposited by fifteen cycles of coating and sintering.

However, earlier results on CuCry90Mgo.100, samples of identical thickness, but
deposited by only four coatings with only one final sintering step, pointed exactly
in the opposite direction. One of the most remarkable differences between these
simple samples with only four layers and the sample with fifteen coating and
sintering cycles is the complete absence of the spinel impurity in the latter, even
though both were processed from the same sol. Thus the film composition
cannot be the cause for this effect. Instead the elaborate multiple coating
procedure with low single layer thickness and multiple annealing in inert gas
atmosphere seems to provide optimum growth conditions for the delafossite. As
no phase separation by the crystallization of preferentially Mg-based spinel
occurs, the dopant seems to remain homogeneously distributed in the thin film
and thereby is able to uncover its beneficial influence on delafossite
crystallization. The key to the prevention of the crystallization of spinel phases
probably is the effect of the delafossite seed layer during the oxidation steps.
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platinum

5.60a 5.60b
Figure 5.60: TEM images of the cross-section of the CuCrj4oMgg.100, sample that
was deposited by fifteen coating and sintering cycles. The sample
mainly consists of irregular grains (5.60a). At higher magnification
large areas with parallel lattice planes become visible (5.60b).

2

A cross-sectional analysis of the doped multilayer sample by TEM, however,
uncovers a different view on the magnesium distribution. In figure 5.60a the
dense side by side of irregular grains and column-shaped grains that range from
the substrate to the surface of the thin film can be seen. A detail of the former is
given in figure 5.60b, representing the strong texture of these grains by large
areas with parallel lattice planes, even beyond grain boundaries. In total the ratio
of the two grain types is similar to the findings for the undoped counterpart, so
the Mg doping has no influence on this dualism. Nevertheless, an analysis of both
grain types by energy dispersive X-ray spectroscopy could not detect any
magnesium in the column-shaped grains.**®! Thus the magnesium must be
involved in the crystallization process, possibly with a beneficial influence on
crystallite growth of the irregular grains, but it does not remain homogeneously
distributed between all grains.

The high density of the thin film also affects its optical transmittance. The course
of T, with increasing number of layers is given in figure 5.61, and it shows the
exponential decrease expected for a linearly increasing film thickness, again
heterodyned by an oscillating interference effect. Actually, the curve perfectly
resembles the course of T, of the undoped multilayer sample (see figure 5.61),
but the single values are always between 5 to 10 % higher for the doped
sample, finally resulting in T, = 26.8 % instead of 17.7 %. Thus the positive
effect of Mg doping on CuCrO, thin films is less pronounced for the multilayer
samples than for the samples consisting of only four layers, but still the replace-
ment of the Cr** ions by non-absorbing Mg®* ions improves T, significantly.
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Figure 5.61: Transmittance of the fifteen layer CuCrO, and CuCry9oMgg.100-
samples that were oxidized and sintered after deposition of each
layer. The exponential decrease of transmittance with increasing
number of single layers seems to be heterodyned by an oscillating
interference effect. The lines are drawn as guides to the eye.

However, although their total film thickness was almost identical and even
though no absorbing impurities like CuO or spinel could be detected by XRD, the
T, values of the doped multilayer sample is about 20 % lower than of the sample
processed by only four layers and one final sintering step. The extend of this
effect is too large to be simply caused by the denser structure of the multilayer
sample. The second reason for this decrease could be the Mg doping itself, as it
is supposed to generate acceptor levels within the band gap of the oxide. These
additional energy levels of course can also be involved in optical absorption
processes, and if there are too many of them, this might derogate the optical
transmittance. Since no spinel phase could be detected, all of the Mg must be
included in the delafossite and hence may generate such acceptor levels. Beside
a positive effect on conductivity, such a decrease of the optical transmittance has
been described by several groups for their doped delafossite thin
fiIms.[35]'[168]'[318]'[319]

Compared to ordinary samples consisting of only four single layers and running
through only one final sintering step, the efforts of the multiple coating
procedure decreased the resistivity of the Mg-doped CuCrO, by one order of
magnitude to 0.38 Q cm. This again can be explained by the wide and
continuous conduction pathways provided by the large and closely connected
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grains, and the complete inclusion of the dopant into the delafossite phase is an
important second contribution, which improves the conductivity of the oxide by a
higher charge carrier density. On the other hand, this improvement is
accompanied by a massive loss of optical transmittance, which completely
outweights the positive influence on resistivity. In total, the effects obtained by
multilayer deposition of CuCrggMgg.100, are similar to its undoped counterpart
(see section 5.3.1.2), and in both cases multiple coating does not pay off.

For this reason another way for the optimization of the optoelectronic properties
of doped copper chromium oxide had to be found. In order to find the optimum
dopant concentration for sol-gel processing the Mg content x in CuCr,,,Mg,O, was
varied between 0.025 and 0.30. The XRD patterns of the corresponding thin film
samples after oxidation at 400 °C are given in figure 5.62, clearly indicating a
decrease of the reflex intensity of the spinel phase with increasing Mg content.
By impeding the crystallization of the spinel phase, Mg doping could facilitate the
subsequent conversion of the amorphous film into the delafossite phase, just as
low crystallinity of gently oxidized copper aluminum chromium oxide samples did
(see section 5.3.2.2, especially figure 5.47).
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Figure 5.62: XRD patterns of Mg-doped copper chrominum oxide thin films on
borosilcate substrates with different dopant concentrations. All
samples were oxidized in air at 400 °C. The peaks indicated
correspond to cubic CuCr,0, (m).
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On the contrary, a series of CuCrygMgy.100, samples annealed at temperatures
between 500 and 700 °C revealed that the formation of the delafossite follows
the same course as the undoped counterpart (data not shown), attaining phase
purity at 700 °C. Thus the Mg doping seems to have no beneficial effect on the
crystallization of the delafossite phase. In fact the comparison of the XRD
patterns of the thin film samples with different dopant concentrations after
annealing at 700 °C shows wider and less intense reflexes for the highly doped
samples (see figure 5.63). The reflexes of the delafossite phase at 26 = 15.5°,
48.0° and 55.9°vanish completely at a certain Mg concentration. This indicates
that the crystallinity of the annealed samples actually decreases with increasing
dopant concentration (see figure 5.63). Accordingly, the magnesium ions impede
the crystallization of both the spinel and the delafossite phase.
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Figure 5.63: XRD patterns of Mg-doped copper chrominum oxide thin films on
borosilcate substrates with different dopant concentrations. All
samples were oxidized in air at 400 °C and annealed at 700 °C in
inert gas atmosphere thereafter. The peaks indicated correspond to
cubic MgCr,04 or CuCr,O4 (both m) and the delafossite phase
CuCrO, (O).
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The effect of the Mg doping also becomes visible by the Scherrer analysis of the
X-ray diffraction data. In figure 5.64 the general trend of a decreasing delafossite
crystallite size with increasing Mg concentration can be observed both for the
data calculated from the (006) reflex and the (104) reflex. This again confirms
the obstructive influence of the magnesium on crystallite growth.
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Figure 5.64: Crystallite sizes of Mg-doped CuCrO, thin films on borosilicate
substrates annealed at 700 °C with different dopant concentrations.
The values were calculated by the Scherrer formula from the FWHM

of the (006) and (104) reflexes of CuCrO,. Lines were simply drawn
as guides to the eyes.

Moreover, figure 5.63 adumbrates a correlation between dopant concentration
and the spinel content after annealing in inert gas atmosphere. As Mg®* and Cr**
are also able to form a cubic spinel phase, whose reflexes are almost identical
with those of CuCr,0,,'**® the compound MgCr,0, may also be formed during
oxidation or, for both Mg?* and Cr** maintain their oxidation state throughout the
whole processing, even during the second annealing step. For the same reason
this compound is able to outlast the whole annealing sequence and remains as a
persistent impurity.

The SEM images of samples with different dopant concentrations in figure 5.65,
however, do not show a consistent change of the size or the number of small
spherical particles, which are considered to be the spinel impurities. In
accordance with the evaluation of the XRD data, the cross-sections indicate the
decrease of the size of the sharp-edged hexagonal delafossite grains with
increasing Mg concentration, accompanied by an obviously denser, less porous
microstructure. Both the constant share of spinel grains as well as the decreasing
size of the delafossite crystallites imply a successful incorporation of the majority
of the dopant into the delafossite phase even at unreasonably high dopant
concentrations.
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5.65d 5.65e 5.65f

Figure 5.65: SEM images of the surfaces (figures a-c) and cross-sections (figure
d-f) of Mg-doped copper chromium oxide thin films. The samples
were oxidized at 400 °C for 10 min and sintered at 700 °C for
15 min. The Mg content x in CuCr,,Mg,0, was 0.05 (5.65a and
5.65d), 0.10 (5.65b and 5.65¢) and 0.30 (5.65c and 5.65f).

Even though traces of spinel are likely to interfere with the optoelectronic
performance of the delafossite thin films, the partial replacement of the Cr** ions
by the Mg doping leads to an increased transmittance of the thin film samples in
the visible range (see figure 5.66). This observation is similar to the effect of
partial replacement of the Cr** by AP* (see figure 5.52). The less chromium the
CuCr;,Mg,0, thin film contains, the less absorptions of partially filled d shells
diminish optical transmittance. But at a doping level of x > 0.10 this beneficial
effect gets countervailed by a second factor, which might be the slight increase
of non-transparent impurities. As a result of the competiton between these two
influences the transmittance of the thin film samples in the visible range levels
off at about 41 % and thus still remains larger than of the undoped sample.
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The increase in transmittance with increasing magnesium content completely
opposes the results of Tonooka et al.,'®” Rastogi et al.l'* and Sadik et al.B'®! for
their Mg-doped CuCrO, thin film samples. All these groups observed a decrease
in transmittance with increasing dopant concentration, which was attributed
either to the absorption of phase impurities or to a curtailment of the band gap
by the new energy levels induced by the dopant.!*®®]
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Figure 5.66: Dependence of the optoelectronic performance of CuCr;.,Mg,0, thin
film samples on the magnesium content x. The samples were
oxidized at 400 °C for 10 min and sintered at 700 °C for 15 min.
The lines are drawn as guides to the eyes.

Besides its extraordinary beneficial effect on the optical transmittance, the Mg
doping also significantly decreases the resistivity of CuCr;,Mg,0,. As can be seen
in figure 5.66, the resistivity diminishes steadily with increase of x. At x = 0.075,
which is close to the highest dopant concentrations examined so far in
literature, 31172 the resistivity is 3.17 Q cm. But the decrease in resistivity even
continues up to x = 0.30, which means that 30 % of the chromium ions have
been replaced by magnesium ions. Actually, the sample with the stoichiometry
CuCry.70Mgo 300, exhibited a resistivity of 0.15 Q cm, representing a decrease of
more than three orders of magnitude in comparison to the undoped sample.
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As can be seen from the course of the Seebeck coefficient in figure 5.67, the
improvement of the conductivity of Mg-doped CuCrO, with increasing dopand
concentration mainly must be due to an increase in charge carrier concentration.
Moreover, the positive Seebeck coefficient proves the p-type character of this
semiconductivity even for the highest dopant concentrations.
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Figure 5.67: Dependence of the Seebeck coefficient of CuCr;,Mg,0, thin film
samples on the magnesium content x. The samples were oxidized
at 400 °C for 10 min and sintered at 700 °C in argon atmosphere
for 15 min.

The scale of the improvement in conductivity resembles the results of Okuda et
al.,’*" Sadik et al.®*® and Li et al.,® but actually these authors were able to
achieve this with far lower Mg concentrations of 3.0 %! to 5.0 %.5'! This
discrepancy in the effectiveness of Mg doping reveals two different influences.
On the one hand, the efficiency of doping seems to depend on the processing
method, with sol-gel processing being the least effective. By lowering the
crystallite size (see figure 5.64), Mg doping leads to the formation of a higher
number of grain boundaries, which may act as barriers for the electrical current
and thereby partially compensate the effect of the higher charge carrier
concentration. But the huge difference to other coating techniques also seems to
be due to a low share of Mg ions that really contribute to charge carrier
generation, either because most of them form inactive defects that do not create
additional holes, or because they are compensated by intrinsic donor defects.
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On the other hand, however, sol-gel processing is able to compensate this
drawback by being able to incorporate higher magnesium concentrations than
the other methods without formation of phase impurities (see figure 5.63) and
the corresponding disadvantages for the optical transmittance. Therefore the
CuCry.70Mgp300, sol-gel sample with p = 0.15Q cm and T, = 41.7 % at a total
film thickness of 460 nm is able to compete with the top performances reported
in literature for samples processed by chemical vapour deposition,*>? pulsed
laser deposition®*! or radio frequency sputtering™” (see table 5.9)

Table 5.9:  Overview of the optoelectronic properties obtained by Mg doping of
CuCrO, with different coating techniques.

Coating technique Mg Film p Optical Reference
concentration  thickness transmittance
[%] [nm] [Q cm] [%]
Sol-gel 30 460 0.15 41.7 Present
work
Pé"sed laser 5.0 103 0.025 ~60 [319]
eposition
Ch%m'ca'."_am”r 7.0 155 1.0 ~80 [150]
eposition
Radio frequency 50 270 1.0 ~45 [57]

sputtering

5.3.3.3 Changes in copper aluminum chromium oxide

As it has improved the optoelectronic properties of the ternary parent system
copper chromium oxide, Mg doping was expected to have a beneficial effect on
the optoelectronic properties of CuAlysCrqs0,. For this reason thin films of the
stoichiometries ~ CuAly.4gsCro48sMJo.02402  and  CuAlp4sCrp4sMgo100,  were
investigated. After oxidation at 400 °C and subsequent annealing in inert gas
atmosphere at 750 °C the XRD pattern of the sample with 2.4 % Mg (see figure
5.68a) only shows the reflexes of the delafossite phase. In contrast to that, 10 %
Mg doping causes the crystallization of small amounts of the impurities CuO and
cubic spinel phase (see figure 5.68b).
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Figure 5.68: XRD patterns of Mg-doped copper aluminum chrominum oxide thin
films on fused silica substrates with different dopant concentrations.
Both samples were oxidized in air at 400 °C and annealed at 750 °C
in inert gas atmosphere thereafter. The peaks indicated correspond
to cupric oxide ('¥), cubic MgAICrO4 or CuAICrO4 (both m) and the
delafossite phase CuAlp s-«/2Cro.5-x2M3x0; (O).

Similar effects of doping on phase composition had already been observed for
CuAlO, and CuCrO, (see sections 5.3.3.1 and 5.3.3.2). Just like in these systems,
the Mg ions in combination with the trivalent ions are likely to form a spinel
phase that is able to outlast both the oxidation step and the second annealing
step. Due to the cation ratio, a consumption of trivalent ions by spinel formation
leaves copper ions, which crystallize as cupric oxide.

The  resistivity values  obtained for  CuAly4gsCro48sMgo0240.  and
CuAly 45Crg.45Mgo.100, were 5.5 Q cm and 1.1 Q cm, respectively. Thus the Mg
doping has a rather small effect, which gives further evidence for the explanation
that most of the dopant forms spinel impurities instead of additional charge
carriers in the delafossite.

A more thorough investigation of the electric properties by a temperature-
dependend measurement of the Seebeck-coefficient (see figure 5.69) revealed
constant values for all three samples over the whole temperature range, which is
a typical characteristic of the conduction mechanism via small polaron
hopping.[18311181385] On the other hand, the measurements in figure 5.69 show
that the Seebeck coefficient of Mg-doped CuAlysCrq50, increases with increasing
dopant concentration. This indicates a decrease in charge carrier concentration,
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although doping is supposed to cause the opposite effect.?'!! Since the resistivity

decreases nevertheless, the Seebeck measurements indirectly imply a higher

mobility of the charge carriers in the doped samples, which compensates the

lower number of charge carriers.
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Temperature dependence of the Seebeck coefficient of
CuAlp 5-4/2Cro.5-42M0x0; thin film samples with different magnesium
concentrations x. The samples were oxidized at 400 °C for 10 min
and sintered at 750 °C for 15 min.

In order to evaluate this idea, E, of the charge carriers was determined by an

Arrhenius plot of the temperature-dependence of the conductivity ¢ (see figure
5.70)3>111631[19611366] according to the interrelationship

coxexp(Ea/ksT)

In o = EA/kBT

ks being the Boltzmann constant and T the temperature. This allows the

calculation of E, from the slope of the best fit straight line.

Whereas the undoped sample has an activation energy of 0.18 eV, this value
decreases to 0.13 eV for the CuAlp.4ssCro.48sMJo.0240> sample and 0.09 eV for the
CuAlg.45Cro.4sMgo.100, sample, which is in the same range as for CuAlQ,[ 3} 56111831

and CuCr0,.7M16511168] This means that Mg doping also induces new states in

CuAly5Cry 50, and these states are easier to activate to contribute to conduction
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than the intrinsic defects. However, the Mg doping also seems to cause a
decrease of the intrinsic defects, leading to a decrease of the total nhumber of
charge carriers and thereby lowering the Seebeck coefficient with increasing
dopant concentration.

1.0 1
-1.51 \\.\.
2.0
2.5
3.0
\O/ 1 . CUAIO.450r0,45MgO.1OOZ
[
= '3-5'_ o CuAl Cr, O,
404 Ty
-4.5- s .
4 o--
-5.0- e
1 s
5.5
T T T T T T T T T T T T T T T T
33 34 35 36 37 38 39 40
1000/T [K]
Figure 5.70: Arrhenius plot of the temperature dependence of the conductivity of

a CuAlysCrgs0, and a CuAly45Cro45Mgp 100, thin film sample. The
samples were oxidized at 400 °C for 10 min and sintered at 750 °C
for 15 min.

The energy levels induced by Mg doping also seem to affect the optical
properties of the copper aluminum chromium oxide. In accordance with the
results of Tonooka et al.,’? Rastogi et al.l'*®! and Sadik et al.®'® the optical
transmittance of the material decreases with increasing dopant concentration
from 49 % of the undoped sample via 48 % for the CuAlg.4gsCro.48sMgo.02402
sample to 39 % for the CuAlp.4sCr.45sMgo.100, sample. Beside a curtailment of the
band gap, again also the absorptions of the intransparent phase impurities could
be responsible for this course of the optical transmittance.

In contrast to CuAlO, (see section 5.3.3.1), doping at least improves the
conductivity of CuAlysCros0,. But since this effect is rather weak, especially in
comparison to Mg-doped copper chromium oxide (see section 5.3.3.2), it actually
does not compensate for the attendant losses in optical transmittance. Due to its
outstanding improvements, the Mg-doped CuCrO, is able to draw level with the
copper aluminum chromium oxide system, annihilating the positive effect of the
aluminum share.
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5.4 Delafossite heterojunctions

After the conductivity and the optical transmittance of the delafossite thin films
have been optimized, the next step towards application is the formation of a
transparent heterojunction with diode characteristics. This would be the
prerequisite both for photovoltaic devices and for transparent electronics. Three
different diode structures were manufactured in this study, namely Schottky
contacts between delafossite and palladium, p-n junctions between delafossite
and ITO as well as n-i-p junctions with ITO, silicon oxinitride and delafossite. The
cross-sections of these three structures are shown in figure 5.71.

palladium contacts ITO or ZnO gold or silver

delafossite

delafossite delafossite

SION,

platinum platinum

5.71a 5.71b 5.71c
Figure 5.71: Schematics of the three heterojunction structures investigated in
this study. Schottky contact between delafossite and palladium
(figure 5.71a), p-n junction between p-type delafossite and n-type
ITO or ZnO (figure 5.71b) and n-i-p junction with ITO, silicon
oxinitride and delafossite (figure 5.71c).

The active part of a Schottky diode consists of a junction between a
semiconductor and a metal with low work function.®! Palladium was the metal
with the lowest work function available in this study for sputtered metal contacts.
The current voltage characteristic of such a junction between copper chromium
oxide and metallic palladium is shown in figure 5.72. A platinum-coated
borosilicate substrate is supposed to serve as a passive plain rear contact.
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Figure 5.72: Current voltage characteristic of a heterojunction between CuCrO,
and metallic palladium. The delafossite layer was deposited on a
borosilicate substrate with platinum coating.

In contrast to a diode characteristic, the graph in figure 5.72 is symmetric and
perfectly straight, which is typical for ohmic contacts. Identical results were also
obtained for CuCry99Mgo.100, and CuAl,sCrysO, delafossites. This can have two
different reasons: Either the work function of palladium is too high, thereby
causing an negligibly small Schottky barrier,'**”) or the palladium has penetrated
through the porous delafossite layer and shunted it out.

A comparison of the cross-sections of the uncoated delafossite and the
delafossite underneath the metal contact in figure 5.73 reveals that a stuctural
transformation pervades the whole delafossite layer underneath the palladium
contact. So either metallic palladium must have penetrated all the way through,
or Pd has interdiffused into the copper chromium oxide, possibly forming PdCrO,.
But since this palladium delafossite phase possesses metallic conductivity,°?1]
both possibilities lead to a shunt of the delafossite layer, thereby annulling the

Schottky contact.
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| Pt| Delafossite | Pd |

5.73a 5.73b
Figure 5.73: SEM images of the cross-section of copper aluminum chromium
oxide thin film on a platinum-coated fused silica substrate. Figure
5.73a shows the uncovered delafossite, whereas figure 5.73b shows
the area of a palladium contact. The structural transformation
underneath the Pd contact is highlighted by white lines.

Contacting these delafossite phases with the n-type semiconductors ITO or ZnO
instead of palladium should result in a p-n heterojunction with diode
characteristics. In contrast to the Schottky contacts, the current voltage
characteristics of these structures were nonlinear, but still symmetric (data not
shown). This failure of these diode structures may have similar reasons as for the
Schottky structures: Either the sputtered n-type semiconductor penetrated
through the delafossite layer, thereby shunting it out, or an inappropiate
difference in the Fermi levels of the delafossite and the n-type semiconductor
results in a negligible energy barrier for reverse bias.

In order to prevent a penetration of the n-type semiconductor through the
delafossite, the stacking sequence was reversed (see figure 5.71c), thereby also
sparing the plane platinum rear contact. But due to the harsh annealing
conditions during delafossite processing, the ITO now had to be protected from
interdiffusion processes and oxidation of its charge carrier generating donor
defects by an ultrathin silicon oxinitride layer.

Contacting the delafossite of this n-i-p junctions by sputtered gold or palladium
contacts also resulted in symmetric current voltage characteristics (data not
shown), probably again due to interpenetration of the sputtered metal
throughout the whole delafossite layer. For this reason metal contacts were
deposited by a more gentle method: Small squares of silver varnish were painted
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onto the delafossite layer. The corresponding current voltage characteristics are
given in figure 5.74.

current [mA]

'
D
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Figure 5.74: Current voltage characteristics of two heterojunctions between ITO

and CuCrO, (grey curve) and between ITO and CuAly sCrq50, (black

curve). The delafossite layers were deposited on substrates with
ITO coating. Silver varnish was used as metallic contact material.

The curves in figure 5.74 show a nonsymmetric course, attaining a ratio of
forward current to reverse current of 2.1 for the CuCrO, sample and 3.8 for the
CuAlysCry 50, sample. Although no real forward voltage or breakdown voltage
can be determined, both junctions thus fulfill the most fundamental requirement
for any diode. This is further evidence for the potential application of delafossite
materials in the field of transparent electronics.
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6 Summary and conclusion

Starting off with solubility experiments of possible precursors, the present study
reveals the whole development of a sol gel processing route for transparent
p-type semiconductive thin films with delafossite structure right to the fabrication
of functional p-n junctions. The versatile sol formulation could successfully be
modified for several oxide compositions, enabling the synthesis of CuAlO,,
CuCrO,, CuMn0,, CuFe0, and more. Although several differences in the sintering
behaviour of powders and thin films could be observed, the powder experiments
significantly contributed to the clearification of the intricate phase development
during thermal annealing and also to optimization of the annealing sequence for
thin film processing.

Two different ternary systems turned out to be the most promising candidates
for p-TCO application: Copper aluminum oxide for its high optical transmittance
and copper chromium oxide for its low synthesis temperature, which allowed thin
film deposition on low-cost borosilicate substrates. In order to combine the
advantages of these two systems, the quaternary oxide composition CuAl;.Cr,O,
was investigated. With a higher optical transmittance than CuCrO,, a lower
synthesis temperature than CuAlO, and a lower resistivity than both parent
systems, the optimum composition of the quaternary oxide is reached for
x = 0.50.

Compared to physical vapour deposition techniques (see table 2.2), the undoped
thin films presented here still need to make up some deficites in their
optoelectronic performance. Although the best sol-gel samples are able to
compete with RF sputtered samples or sampes deposited by PLD in
transmittance, their resistivity is almost two orders of magnitude higher. The
most probable reasons for this are the characteristic imperfections of sol-gel thin
films like porosity and small crystallite size, which create barriers like grain
boundaries and bottlenecks like barely connected particles. By additional effort
such shortcomings can be repelled to a certain extend®*®!"3%1 (cf. sections
5.3.1.2 and 5.3.3.2), but nevertheless the density of undoped sol-gel material
always stays behind its pendants processed by physical vapour deposition.?*!
Furthermore, such additional endeavour is likely to annihilate the advantage of
sol-gel technique in processing costs.
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Extrinsic doping is a common method to decrease the resistivity of delafossite
materials. Partially replacing the trivalent cations by divalent ones creates
additional holes and thus generates additional charge carriers for p-type
semiconductivity. This can improve the conductivity of delafossites by up to three
orders of magnitude. Due to the compositorial flexibility of sol-gel processing,
dopants could be introduced easily in this study by soluble precursors. However,
improving the conductivity of CuAlO, and CuAlysCrys0, via this method failed.
Actually, this seems to be due to the fact that instead of being incorporated into
the delafossite phase the dopant ions form intransparent phase impurities like
spinels, which interfere with optical transmittance of the thin films.

On the contrary, doping had a positive effect on the conductivity and the optical
transmittance of copper chromium oxide, with magnesium being the most
effective dopant. The resistivity could be decreased by more than three orders of
magnitude, but in order to achieve this, much higher Mg concentrations than by
other thin film deposition methods were necessary. This indicates a low doping
efficiency in sol gel processed thin films, but also the ability of sol gel processing
to incorporate more magnesium into the oxide than any other processing
method. The extensive substitution of the chromium ions also increases the
optical transmittance and allows sol gel processed thin films to draw level with
thin films deposited by sputtering methods or PLD.

Finally, the applicability of the delafossite thin films was proven by the
asymmetric current voltage characteristics of heterojunctions between ITO and
the delafossites. Shunting problems of the metallic contacts, on the other hand,
reveal structural deficites of the delafossites, which should be the subject of
further investigations.



7 Zusammenfassung 165

7 Zusammenfassung

Ausgehend von Versuchen zur Loslichkeit mdglicher Ausgangsstoffe zeigt die
vorliegende Studie die komplette Entwicklung einer Sol-Gel-Route fiir die
Synthese transparenter p-halbleitfahiger Diinnschichten mit Delafossitstruktur bis
hin zur Herstellung funktionstiichtiger p-n-Ubergénge. Die vielseitige Solrezeptur
konnte erfolgreich flir mehrere Oxidzusammensetzungen abgewandelt werden,
was die Synthese von CuAlO,, CuCrO,, CuMnO,, CuFeO, und weiteren
Mischoxiden ermdglichte. Obwohl einige Unterschiede im Sinterverhalten von
Pulvern und Dinnschichten beobachtet werden konnten, trugen die
Pulverversuche erheblich zur Aufklarung der komplizierten Phasenentwicklung
wahrend der thermischen Behandlung und auch zur Optimierung der
Kalzinierungsschritte bei der Diinnschichtherstellung bei.

Zwei der terndren Oxide erwiesen sich als die vielversprechendsten Kandidaten
fir die Anwendung als p-halbleitfahiges transparentes Oxid: Kupfer-Aluminium-
Oxid aufgrund seiner hohen optischen Transparenz und Kupfer-Chrom-Oxid
aufgrund seiner niedrigen Synthesetemperatur, die die Abscheidung von
Diinnschichten auf kostengiinstigen Borosilicatglas-Substraten ermdglicht. Um die
Vorteile dieser beiden Systeme zu vereinen, wurde die quaterndre
Oxidzusammensetzung CuAl;.,Cr,0O, untersucht. Mit einer hoheren optischen
Transmission als CuCrO,, einer niedrigeren Synthesetemperatur als CuAlO, und
einem geringeren spezifischen Widerstand als die beiden Muttersysteme wird die
optimale Zusammensetzung dieses quaterndren Oxids bei x = 0,50 erreicht.

Im Vergleich zu Methoden der physikalischen Gasphasenabscheidung (siehe
Tabelle 2.2) missen die hier vorgestellten undotierten Diinnschichten noch
einige Defizite bei ihren optoelektronischen Eigenschaften aufholen. Obschon die
besten Sol-Gel-Proben in puncto Transparenz mit Proben, die (iber
Radiofrequenz-Kathodenzerstaubung oder Laserstrahlverdampfen hergestellt
wurden, mithalten koénnen, liegt ihr spezifischer Widerstand um zwei
GroBenordnungen hoher. Die wahrscheinlichste Ursache hierfiir sind die
charakteristischen Unvollkommenheiten von Sol-Gel-Diinnschichten wie Porositat
und geringe KristallitgroBe, die den Stromfluss durch Hindernisse wie
Korngrenzen und Engpasse wie schlecht verknipfte Partikel behindern. Durch
zusatzlichen Aufwand kénnen derartige Unzulanglichkeiten in gewissem MalBe
zuriickgedrangt werden,B*®!3%1 (vergleiche Abschnitt 5.3.1.2 und 5.3.3.2), doch
nichtsdestotrotz liegt die Dichte von undotiertem Sol-Gel-Material immer unter
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der von vergleichbaren Proben, die Uber physikalische Gasphasenabscheidung
hergestellt wurden.[** Zudem ist es wahrscheinlich, dass solche zusétzlichen
Anstrengungen die Vorteile des Sol-Gel-Verfahrens bei den Herstellungskosten
zunichte machen.

Extrinsische Dotierung ist ein gangiger Weg, um den spezifischen Widerstand von
Delafossit-Materialien abzusenken. Teilweiser Austausch der dreiwertigen
Kationen durch zweiwertige erzeugt zusatzliche Lécher und stellt so zusatzliche
Ladungstrager flr die p-Halbleitung bereit. Dies kann die Leitfahigkeit von
Delafossiten um bis zu drei GréBenordnungen erhéhen. Dank der stofflichen
Flexibilitat des Sol-Gel-Verfahrens konnten in dieser Studie Dotanden sehr leicht
in Form von l6slichen Vorstufen eingebracht werden. Jedoch scheiterten die
Versuche, die Leitfahigkeit von CuAlO, und CuAlysCrysO, auf diesem Wege zu
verbessern. Dies scheint darauf zuriickzufiihren zu sein, dass die Dotanden nicht
in die Delafossitphase eingebaut werden, sondern intransparente Fremdphasen
wie Spinelle bilden, die die optische Transmission der Dinnschichten
beeintrachtigen.

Im Gegensatz dazu wirkte sich die Dotierung positiv auf die Leitfahigkeit und die
optische Transmission von Kupfer-Chrom-Oxid aus, wobei Magnesium als Dotant
die besten Resultate lieferte. Der spezifische Widerstand konnte so um mehr als
drei GroBenordnungen verringert werden, doch wurden hierfiir deutlich héhere
Magnesiumkonzentrationen bendétigt als bei anderen Beschichtungsverfahren.
Einerseits weist dies auf eine geringe Dotiereffizienz in den Uber das Sol-Gel-
Verfahren hergestellten Proben hin, andererseits zeigt dies aber auch, dass lber
das Sol-Gel-Verfahren wesentlich mehr Magnesium in die Oxidschichten
eingebracht werden kann als Uber jedes andere Verfahren. Der betrachtliche
Ersatz der Chromionen erhdht auch die optische Transmission und ermdglicht es
den Sol-Gel-Proben, zu den Dinnschichten aufzuschlieBen, die durch
Kathodenzerstauben oder Laserstrahlverdampfen hergestellt wurden.

SchlieBlich wurde das Anwendungspotential der Delafossit-Diinnschichten durch
die asymmetrischen Strom-Spannungs-Kennlinien von p-n-Ubergéngen zwischen
Delafossit und Indium-Zinn-Oxid belegt. Andererseits machen die
Kurzschlussprobleme bei der metallischen Kontaktierung die strukturellen Defizite
der Delafossite deutlich. Dies sollte zum Gegenstand weiterfiihrender
Untersuchungen werden.
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