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12.1 Introduction

Reactive sputtering is one of the most widely used techniques for preparing
compound thin films (such as oxides, nitrides, carbides, etc.) by sputtering
metal targets in an active gas atmosphere (Ar + O2/Ny/CHy, etc.) [1-4]. In
this chapter, we have discussed, in details, the formation of spinel and delafos-
site materials of the form AB30O4 and ABO2 (A and B may be monovalent,
divalent, trivalent, or tetravalent cations, depending on the crystal structure,
described later) by reactive sputtering technique. Specially, wide bandgap, p-
type semiconducting, and transparent oxide materials with delafossite and
spinel structure, having interesting applications in “Transparent Electron-
ics,” have been discussed in details. In Sects. 12.2-12.5, a detailed review
on the structural, optical, and electrical properties of these p-type transpar-
ent conducting oxides (p-TCOs), deposited by reactive sputtering technique,
has been presented and the origin of p-type conductivity of these materials
has been discussed with considerable attention. Most of the results presented
in these sections are reported by various authors working on this field. In
Sect. 12.6, synthesis and electro-optical characterization of one of the very
important delafossite, p-type semiconducting, and wide-bandgap material,
such as CuAlQOs, produced by our group via reactive sputtering technique,
have been discussed in details. Detailed discussions on spinel- and delafossite-
structured material can be found in various literatures [5-14]. Also, detailed
reviews on the p-TCO materials have been published by us and others [15-17],
which cover the syntheses and properties of a range of p-TCO materials
reported so far.
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12.2 Spinel and Delafossite Material

12.2.1 Spinel Materials

Spinel structure is an important ternary metal oxide crystal structure shown
in Fig. 12.1. The spinel structure (sometimes called garnet structure) is named
after the mineral spinel (MgAl,O4). The oxide may be written in the form of
AUBIMO, (called 2-3 spinel) or A™VBIO, (called 42 spinel), where A+ and
A™VH are the divalent and tetravalent cations of type-1 and B™* and B+ are
the trivalent and divalent cations of type-1I, respectively. In “normal” spinel
structure, 12.5% of the tetrahedral sites and 50% of the octahedral sites of
this structure are occupied by A and B cations, respectively, and there are
32 O%~ ions in a unit cell. On the other hand, in the “inverse” spinel structure,
the site occupancies of two types of cations are swapped. Also, there are some
intermediate phases with the formula (A;_,;B;)[AzB2_;]O4 also exist. Here,
cations in the square brackets occupy the octahedral sites and cations in the
parentheses occupy the tetrahedral sites.

The spinel crystal structure has a closed-packed fcc array of anions, with
space group Fd3m or Of. When an fcc cubic cell of edge a and occupied by
A atoms is subdivided into eight octants with edge a/2, four of the octants
are occupied by AOy clusters and the other four of the octants are occupied
by B4O, clusters. The A atom is centered on the AOy4 tetrahedron cluster
with four nearest-neighbor O atoms, while the B atom is at the corner of
the octahedron cluster with six nearest-neighbor O atoms. The O atoms are
positioned in the same way in all octants with one A atom and three B atoms
as their nearest neighbors. In an inverse spinel structure, the tetrahedral sites
are occupied by B atoms while the octahedral sites are occupied by equal
numbers of A and B atoms.
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Fig. 12.1. Spinel crystal structure
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The spinel structure is very flexible with respect to the cations it can
incorporate. There are over 100 known compounds with this type of crystal
structure. In particular, the two cations (say, A and B) can mix, so that
the composition with respect to one umit cell can become (Ag)(Big)O32,
or Ag(AgBg)O32 = A(AB)O, in regular chemical spelling, or (Ag/3Bi6/3)
(A1g/3 Bsay3) Osz, and so on, with the atoms in the brackets occupying the
respective site at random. Examples of ternary metal oxides with 2—-3 spinel
structure are MgAl,O4, MgGagO,, ZnAlyO4, ZnGas0,, ZnlnyOy, Znlr,0,,
ZHCOQO4, ZnRh204, CdA1204, CdGagO4, CUA1204, CuMn204, NiCOQO4,
N1F8204, NiCI’gO4, LiTigO4, LiMn204, LiA1204, CdRh204, FeCrgO4,
FeV,04, MgCra0,, ZnFesOy4, ZnMnyOy, FeAlyO4, HgCraOy, ete. Similarly,
examples of ternary metal oxides with 4-2 spinel structure are MoAgsQOy,
MHF6204, GGCOQO4, GeMggO4, GGZDQO4, GeCdQO4, NbZH204, TiFGQO4,
SiMgoOy, SiZnsOy4, SiCdy0y, ete. It is noteworthy that some of the binary
metal oxides such as Fe3O, also exhibit spinel crystal structure. But in this
case, the A and B cations are same element (Fe) but exhibit both +2
and +3 valence states (as Fet?OFe; 203 = Fe™?Fe] ®0,), respectively. Also,
it is worthwhile in mentioning that there are some reports on quaternary
oxides having spinel structure, such as LiFeTiO4 [18], CasFe; 5Al17 67032 [19],
Mn(g— ;) CO2,Ni(1 ) Oy [20] FeCoCrOy4 (Fe™Co™Cr 0y, or Fe™*Cot?Crt?
04 or Fe™Co™Crt30,) [21], etc. Besides oxides, there are some ternary
nonoxides exist which are having spinel structure, such as AgAl,S,, CalnsSy,
CuTipSy, CulreSy, ZnCrsSy, FelnsSs, CuCryTey, CuCraSeyq, CdCraSey,
LioNiFy [22,23], etc. MgAION [24] is an oxynitride material having spinel
structure. Example of binary nonoxide spinel material includes y-GesNy,
Co304 (sometimes written as CoCo20y), etc. [25,26]. Lastly, examples of
inverse spinel include SnMgy0y4, CdInoOy4, MgIny,O4, CuFesO4, CuCry0y,
SnCd204, SIIZD204, LiCuVO4, L1N1V04, MDIDQS4, etc. [27*30]

As far as applications of spinel materials are concerned, many of the
spinels have interesting electronic and magnetic properties [31] and, therefore,
suitable for various technological applications, which include superconduc-
tors [32, 33], magnetic core materials [34, 35], high-frequency devices [36],
cathode material for commercial lithium secondary batteries [18,36], mag-
netic semiconductors for spintronics applications [37], gas sensors [26], etc.
Since many of the spinels are common minerals, therefore, in addition to
the materials science studies, some of the spinel materials also have great
importance geophysical studies [38-41]. Also the study of large bandgap
spinels (e.g., MgAl;O4, SnCdy0y4, SnZns0y, CdInsOy, ete.), with high elec-
troconductivity, opens many interesting applications in optoelectronic device
technology. These wide-bandgap materials are transparent in the visible
and infrared regions and therefore have important applications in trans-
parent electrodes, flat panel displays, infrared windows, missile domes, thin
film solar cells, low-energy architectural window coatings, and many such
applications [27, 42-50]. Also, CdTe solar cells using CdaSnO4/ZnsSn0Oy
as transparent conductor layers have achieved the highest cell efficiency
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known for this system [51]. And lastly, within the class of transparent spinel
oxides, p-type semiconducting, wide bandgap, and transparent spinel oxides
(e.g., NiCo20y4, ZnlrsOy4, ZnRhyOy4, etc. [52-55]) have recently generated
great interest in the field of optoelectronic device technology for the possi-
ble applications in “Transparent Electronics” [56]. Therefore, these reports
have rekindled the interest to study the fundamental physics in spinel oxide
systems.

12.2.2 Delafossite Materials

Delafossite structure is another important crystal structure for ternary metal
oxides. The oxides are generally of the form of ATB"O, where A'* represents
the monovalent cation and B represents the trivalent cation. The structure,
as shown in Fig. 12.2, consists of an alternative stacking of A! and layers of
nominal B O, composition consisting B"!Og octahedra sharing edges. Each
A" atom is linearly coordinated with two oxygen atoms to form an O—Al—O
dumbbell unit placed parallel to the c-axis. O atoms of O—A'—O dumbbell
link all A! layers with the B Oy layers [12-14]. On the other hand, each oxide
ion in the B Oy layer forms a “pseudotetrahedral coordination (BY'A! O)”
with the neighboring B™* and A™ ions. Ternary metal oxides having
this type of crystal structure include PdCoQOs, PtCoOs, PtCrO2, PtRhO,,
CuAlO;, CuFeOs, CuGaOs, CuScOs, CuYOs, CuCrOs, CulnOs, CuRhO,,
CulLaOs, CuPrOs,CuNdOz, CuSmO,, CuEuOs, AglnOs, AgScOs, AgCrOo,
AgGaOsq, AgCo0q, AgFeOq, AgRhO2, AgAlO,, etc. Quaternary oxides with
delafossite structure include AgNi, _,Sb,O2, AgZn,_,SbxOs, CuGa;_,Fe,Oq,
CuIn1_$Cam02, AgInlmengQ, CuCOl_mTi$02, CuNi1_$TizOQ, CuCul_m
Ti; Oz, CuNij_,Sn, Oz, CuFe;_,V, 05, AgNi;,_ Ti,O2, etc. [12-17].

Fig. 12.2. Delafossite crystal structure
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Table 12.1. Various properties of spinel and delafossite crystal structures

Structure  Stoichiometry Space Coordination no. Representative
group (CN)/geometry oxides

Spinel AB>Oy4 Fd3m A:CN = 4/tetrahedral NiCo204, MgAlOy,
coordination MgGaz04, ZnAls0y4,
B: CN = 6/octahedral ZnGazOy4, Znln,Oy,
coordination Znlrs0y4, ZnCos04,
O: CN = 4/distorted ZnRh20y4, CdAl2Oy,
tetrahedral CdGazQy, etc.
coordination

Delafossite  ABO2 R3m  A: CN = 4/square CuAlQ,, CuFeOs,
planer coordination CuGaQO2, CuScOq,
B: CN = 6/octahedral ~ CuYO2, CuCrOg,
coordination CulnO2, AgInOo,
O: CN = AgScO2, AgCrOa2,
1A + 3B/tetrahedral AgGaO2, PdCoOa2,
coordination etc.

As far as applications of delafossite materials are concerned, these materi-
als have potential applications in thermoelectric devices [57-62], field-emission
displays (FEDs) [63], ozone sensors [64], photocatalytic hydrogen genera-
tors [65], magnetic semiconductors for spintronics [66], etc. But, as most of the
delafossite materials are wide-bandgap transparent materials, therefore they
have lots of applications in optoelectronics technology. Especially, as most
of these materials are p-type semiconducting transparent oxides, they have
potential applications in “Invisible” or “Transparent Electronics” [15-17,56].
Detailed review of various p-TCOs with spinel and delafossite structure is
discussed in subsequent sections (Table 12.1).

12.3 p-Type Transparent Conducting Oxides Based
on Spinel and Delafossite Structure

12.3.1 Introduction to Transparent Conducting Oxides

Transparent conducting oxides (TCOs) are very important materials that
create great interest within materials scientists for its overwhelming appli-
cations in the field of optoelectronic device technology. The characteristics of
such films are high room temperature electrical conductivity (~10*S ecm™" or
more) and high optical transparency (more than 80%) in the visible region.
TCOs are well known and widely used for a long time in optoelectronics
industries as well as in research fields. After the first report of transparent
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conducting cadmium oxide (CdO) thin film by Badekar [67] in 1907, extensive
works have been done in the field of TCO technology to prepare new types
of TCOs with wide ranging applications [68-78]. Technologically, these TCOs
are being used extensively in various fields, which include solar cells, flat panel
displays (FPDs), low-emissivity (“low-e”) windows, electromagnetic shielding
of cathode-ray tubes in video display terminals, electrochromic (EC) materials
in rear-view mirrors of automobiles, EC-windows for privacy (so-called smart
windows), oven windows, touch-sensitive control panels, defrosting windows in
refrigerators and airplanes, invisible security circuits, gas sensors, biosensors,
organic light-emitting diodes (OLED), polymer light-emitting diodes (PLED),
antistatic coatings, cold heat mirrors, ete. [67-70, 74, 75,79-90]. Also some
new applications of TCOs have been proposed recently such as holographic
recording medium, high-refractive index waveguide overlays for sensors and
telecommunication applications, write-once read-many-times memory chips
(WORM), electronic ink, etc. [91-94]. And lastly, the low-temperature deposi-
tion of TCOs onto poly(ethylene terephthalate) (PET), polyamides, and other
polymer substrates in roll-coating processes for touch-screen and infrared
reflector applications is the recent challenges for the TCO industries [95-97].

Possibility of the aforementioned novel applications of TCOs is based on
the fact that the electronic bandgap of a TCO is higher than 3.1eV (corre-
sponding to the energy of a 400 nm blue photon). So visible photons (having
energy between 2.1 and 3.1eV) cannot excite electrons from valence band
(VB) to the conduction band (CB) and hence are transmitted through it,
whereas they have enough energy to excite electrons from donor level to CB
(for n-type TCO) or holes from acceptor level to VB (for p-type TCO). And
these acceptor or donor levels are created in the TCOs by introducing nonsto-
ichiometry and/or appropriate dopants in a controlled manner. A schematic
representation of the bandgap designing for transparent conductors is shown
in Fig. 12.3.

12.3.2 Transparent Electronics

Although the TCOs have vast range of applications as mentioned above, very
little work has been done on the active device fabrication using TCOs [98,99].
This is because most of the aforementioned TCOs are n-type semiconductors.
But the corresponding p-TCOs, which are essential for junctional devices, were
surprisingly missing in thin film form for a long time, until in 1997, Kawazoe
et al. [100] reported the p-type conductivity in a highly transparent thin film
of copper aluminum oxide (CuAlOs4,). This has opened up a new field in
optoelectronic device technology, the so-called “Transparent Electronics” or
“Invisible Electronics,” where a combination of the two types of TCOs in the
form of a p—n junction could lead to a “functional” window, which transmits
visible portion of solar radiation yet generates electricity by the absorption of
UV part [56]. It must be mentioned here that the first report of semitranspar-
ent p-type conducting thin film of nickel oxide was published in 1993 by Sato
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Fig. 12.3. Bandgap designing for transparent conductors. Visible photons (2.1-
3.1eV) do not have enough energy to excite electrons from valence band to
conduction band, but have enough energy to excite holes (for p-type) from acceptor
level to VB or electrons (for n-type) from donor level to CB (after [38]). Right-hand
side shows the transmittance of the TCO with respect to incident radiation. The
arrow “—=” indicates the transmittance graph for a p-type TCO, where a slight
absorption can be observed (indicated by shaded part) at low-energy region, due to
the activation of holes from acceptor level to VB. Similarly, the arrow “=” indicates
the same for n-type TCO, where slight absorption at low-energy region takes place
due to electron activation from donor level to CB

et al. [101]. They observed only 40% transmittance of the NiO films in the
visible region and when they tried to fabricate an all-TCO p-i—n diode of the
form p-NiO/i-NiO/i-ZnO/n-ZnO, the visible transmittance further reduced
to almost 20%. Although this low transmittance was not favorable for supe-
rior device applications, but still this report was an important milestone in the
field of “Transparent Electronics” and in the development of TCO technology.
Now for diverse device applications, it is utmost important to prepare
various new types of p-TCOs with superior optical and electrical character-
istics, at least comparable to the existing, widely used n-TCOs, which are
having transparency above 80% in the visible region and conductivity about
1,0008 em ™! or more. Intense works have been done for the last few years
in this direction to fabricate new p-TCOs by various deposition techniques.
Also, quite a number of works have been carried out for proper understanding
of the structural, optical, and electrical characteristics of p-TCOs. As this is
an emerging field in TCO technology, preparation of new materials as well as
existing materials with new deposition techniques is the need of the hour.



420 A.N. Banerjee and K.K. Chattopadhyay

P-TCO
Delafossite structure Other p-TCO
(ABO,) |
[A: Cu*, Ag']
[B: A3, Ga™3, In*3, Cr*3, Fe*3, Spinel oxide |
+3 y+3 +3 +3 :
Co™, Y™, La™, Sc* etc.] (AB,0,) M{xed
[A: Ni¥¥, Zn*] Cu,Sr0, oxide
[B: Ir3*, Rh**, Co®'] (Ag,0-
| In05)
| | Binary
Ni-based Zn-based o;cll'c(l)e
spinel p-TCO spinel p-TCO ( 2 (’)
(NiB,0,) (ZnB,0,) p-Zn0)
Cu-based Ag-based Layered Oxychalcogenide
delafossite delafossite [(AO)BCM]
p-TCO p-TCO [A: La®3, Pr*3, Nd*3, Sm*™3, Gd*3, Y3 etc]
(CuBOy) (AgBO,) [B: Cu*, Ag'], [C: S72, Se?

Fig. 12.4. Chart of various p-TCO materials reported so far. Here, the doped
versions of Cu-based delafossite p-TCOs have been mentioned only

A chart of various p-TCO materials developed so far for potential appli-
cations in “Transparent Electronics” is furnished in Fig. 12.4.

12.3.3 p-TCO with Spinel Structure

Amongst various p-TCOs based on spinel structure, cobalt nickel oxide
(NiCo20,) is the first material reported to have p-type conductivity with
reasonable visible transparency (~40-60%) [52], in thin film form. A vari-
ation in the conductivity is observed in this material with a change in the
Ni:Co ratio and at Ni:Co = 1:2, the highest conductivity in these films was
observed around 16.0S cm™'. It has also been proposed by various authors
that Nit? ions located on octahedral sites within the spinel lattice enhance
the conductivity of the film [102]. Figure 12.5 shows the variation of resistiv-
ity of Ni—Co—O thin films with composition x (=Co/{Co + Ni}). Minimum
resistivity obtained at x = 0.67. These films also showed good transparency
in the infrared region, extending its application into infrared optics [52,103].

Another group of p-type semiconducting transparent spinel oxides, based
on Zn-(d%) transition metals, is ZnB2Oy (B = Co, Rh, Ir) [54,55], which
shows optical bandgaps around 3eV and electrical conductivity as high as
2.0S cm™'. Figure 12.6 shows the electrical conductivity of ZnRh,O, thin film
and Fig. 12.7 shows the optical transparency of ZnB;0O4 (B = Co, Rh, Ir) thin
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Fig. 12.5. Variation of resistivity of Ni-Co—O thin films with composition = (= Co/
{Co + Ni}). Minimum resistivity obtained at = = 0.67 (after [53])
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Fig. 12.6. Temperature variation of electrical conductivity of ZnRh2O,4 thin film
(after [55]). Ea is the activation energy, which is the minimum energy required to
transfer an electron from donor level to CB (for n-type material) or holes from
acceptor level to VB

films deposited on quartz substrates. Also Table 12.2 shows the optoelectrical
properties of various spinel p-TCOs.

As far as deposition of spinel p-TCOs is concerned, Windisch and coau-
thors [52, 53, 103] used both physical and chemical techniques to prepare
Ni-based spinel films (e.g., NiCos0,). For chemical method, they have used
spin-coating technique [53] with a precursor solution containing the respec-
tive metal nitrates and an organic complexant. Subsequent thermal annealing
induced oxide formation during which the organic component was fully oxi-
dized to gaseous products. On the other hand, physical deposition of NiCoy0,
involved radio frequency (RF) magnetron sputtering technique [52]. The
target used was Ni—Co alloys with a RF power of 200 W. It has been
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Fig. 12.7. Spectral variation of optical transmittance of (1) ZnCo20y, (2) ZnRh2Oy,
and (3) ZnlraO4 thin films (redrawn from [54] with permission)

observed that the quality of the RF sputtered film is better than that of
solution-deposited film [53] and with increasing Ni concentration, the film
showed enhanced electrical conductivity up to a value of x = 0.67. The
film composition can be expressed as Nij;,Cos_,Oy4, and with x = 0.5, the
film showed best electro-optical properties. Various deposition parameters of
RF sputtered NiCosO, film are furnished in Table 12.3. The same group also
used a “combinatorial” sputtering technique to deposit an array of films with
varying film compositions with a single run under identical deposition con-
ditions [103]. This special technique was used to study the effect of selected
gas compositions on the deposited films. And, they have observed that the
optimum conductivity from combinatorially deposited films containing equal
parts of nickel and cobalt (i.e., Ni; 5Co; 50,) is achieved when sputtered in a
gas mixture of 50% argon and 50% oxygen from oxide targets, with the best
film conductivity of 375S cm™' achieved using growth conditions that pro-
mote complete oxidation. For the deposition of Zn-based spinel p-TCO films
(e.g., ZnRhoOy4, ZnCo20y4, ZnlryOy, etc.), Dekkers et al. [54] used pulsed
laser deposition (PLD) technique from respective sintered targets. Various
electro-optical properties of these films are furnished in Table 12.2. On the
other hand, Mizoguchi and coauthors [55,104] used RF sputtering technique
to deposit crystalline as well as amorphous ZnRhO, thin films on silica glass
substrates. They have used identical sputtering conditions for both crystalline
and amorphous films but postannealing treatment was done on a-ZnRh,O,
films to get the crystalline phase of the film. Various deposition conditions of
these films are furnished in Table 12.3.

As far as reactive sputtering of spinel p-TCOs is concerned, Kim and coau-
thors [37] used reactive magnetron cosputtering technique to deposit ZnCo20,
thin film from metallic targets. Detailed discussions of the reactively sputtered
spinel p-TCOs are furnished in later sections.

12.3.4 p-TCO with Delafossite Structure

Delafossite-structured oxides (ABO2; A: monovalent cation, B: trivalent
cation) can be divided into two groups: one having A-d'? (e.g., A = Cu, Ag)



Table 12.2. Optoelectrical properties of various spinel p-TCOs

Material Deposition Average Transmittance Direct Room temp. Activation Room temp. Ref.
technique film (T) bandgap conductivity energy Seebeck
thickness (%) (Eg-direct) (orT) (Ea) coefl.
(nm) (eV) (Scm™) (meV) (SrT)
(mV K™
NiCoz0y4 Spin coating 100 ~65 - 16.67 - - [53]
NiCo20,4 RF magnetron 100 ~20 - 3.3 x 102 - - [52]
sputtering
ZnRh20y RF sputtering 100 - 2.1 0.7 37 +140 [55]
a-ZnRh,O,  RF sputtering 100-300 - 2.1 1.9 29 +78 [104]
ZnRhy0y4 Pulsed laser 100-300 55 2.74 2.75 22.1 +63.4 [54]
deposition
ZnCo204 PLD 100-300 26 2.26 0.39 41.7 +131.4 [54]
Znlr,Oy PLD 100-300 60 2.97 3.39 46.9 +53.9 [54]
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Table 12.3. Various deposition parameters of RF sputter-deposited spinel p-TCO
films

Material NiCo204 ZnRhoOy4 a-ZnRhoOy
RF power (W) 200 180 180
Base pressure (Pa) 1.33 x 1074 - -
Sputtering gas(es) 05* Ar+ O, Ar+ Oq
(9:1 vol.%) (9:1 vol.%)
Sputtering pressure (Pa) 1.33 13.0 13.33
Target Co—Ni alloys  ZnRh2Oy4 pellet ZnRh20y4 pellet
Substrate Quartz, Silica glass Silica glass
sapphire, Si
Substrate temp. (°C) Ambient Ambient Room
temperature
Postannealing time (min) - 60 -
Postannealing temp. (°C) - 1,240 -
Reference [52] [55] [105]

# Sputtering was done in 100% oxygen atmosphere

configuration and the other with A-dY (e.g., A = Pt, Pd) configuration.
Generally, d'° cations show semiconducting behavior, whereas d° cations
show metallic conductivity [12-14]. As we are dealing with p-TCOs, therefore
we will discuss only the d'°-based delafossite materials here. The d'°-based
delafossite materials are two types: Cu- and Ag-based delafossite materials
(CuBOg and AgBO,; B: trivalent cation). Amongst various Cu-based delafos-
site materials, CuAlQOs is the first and most important material in this group.
Although this material is known to exist for nearly 50 years [106] and back in
1984, its p-type conductivity was first reported by Benko and Koffyberg [107],
but Kawazoe et al. [100] first prepared it in transparent thin film form for
possible application in p-TCO technology. The structural properties of this
material were extensively studied by Ishiguro et al. [100-108,108,109,109,110].
The structure is shown in Fig. 12.2. It belongs to R3m (D3q) space group
with rhombohedral erystal structure [108]. Other p-TCO thin films belonging
to this group are copper gallium oxide (CuGaO2) and copper indium oxide
(CulnO3) [111-113]. The lattice parameters of these materials were reported
in various papers [12-14, 107,114, 115]. Also, the band structures of these
materials were calculated by Yanagi et al. [116], Robertson et al. [117], and
Ingram et al. [118] in detail.

Doped versions of some similar types of p-TCO thin films have also
been reported which include iron-doped copper gallium oxide (CuGaOs:Fe),
calcium-doped copper indium oxide (CulnO5:Ca), magnesium-doped cop-
per scandium oxide (CuScO2:Mg), magnesium-doped copper chromium oxide
(CuCrO2:Mg), calcium-doped copper yttrium oxide (CuYO2:Ca), etc. [112,
113,119-122]. Crystallographic data as well as band structure calculations of
these materials had also been reported in various papers [114,123,124]. Prepa-
ration of some other highly resistive (~10°Q cm) new delafossite materials
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such as CuFe;_,V,02 (z = 0.5), CuNi;_,Sb, Oz, CuZn;_,Sb, 04, CuCoy_,
Sb, 02, CuMg,_,Sb,; 02, CuMn;_,Sb,;O2 (z = 0.33) in powder form had
been reported by Nagrajan et al. [17,125] (but no thin film preparation
of these materials has been reported so far). Preparation of 10% Sn-doped
CuNi; _,Sb, O3 thin film has been reported by the same group [119,125], hav-
ing reasonable visible transparency (60%) and conductivity (5 x 1072 S cm ™).
Electro-optical properties of various delafossite p-TCOs are furnished in
Table 12.4.

It has been observed that most of the p-type semiconducting delafos-
site materials are Cu-based. Corresponding Ag-based delafossite materials
are difficult to synthesize by simple solid-state reaction [119,126]. The first
report of Ag-based delafossite thin film was AgInO,, which is n-type in
nature [127]. Later, Nagrajan et al. [128] reported that Mg-doped AgInO,
powder (Agln,_,Mg,Os, = = 0.1), when treated with fluorine or high-
pressure oxygen, p-type nature was observed with conductivity as low as
10768 cm ™', A series of similar types of delafossite materials have been syn-
thesized by the same group [128], but only in powder form, which include
AgScOq, AgCrO2, AgGaO,, etc. All of these pellets showed very low con-
ductivity (~107%S ecm™!) and no thin film preparations of these materials
have been reported so far. On the other hand, the first report of Ag-based
delafossite thin film with p-type conductivity was reported by Tate et al. [119],
which is silver cobalt oxide (Ag,CoO2, x < 1). The film showed reasonable
conductivity (2 x 107%S cm_l) and almost 50% transparency in the visible
region with a direct bandgap value of 4.15¢eV (shown in Figs. 12.8 and 12.9).
The better conductivity of this film over other Ag-based delafossite materials
may be attributed to the greater degree of mixing between Co 3d!® orbitals
and O 2p° orbitals, resulting in larger delocalization of holes [129,130]. Doped
versions of some other Ag-based delafossites have also been reported such as
AgNi,_,Sb, O, AgZn,_,Sb;O02 (x = 0.33), etc. [119] but only in powder
form. Also, no comments on the nature of conductivity of these powders were
given in the literature.

Regarding relative comparison between Cu-based delafossites and Ag-based
delafossites, it has been suggested [131] that the former group can be better
candidate for transparent conductor because of their greater hole mobility,
which is due to the Cu 3d character of the valence band edge of Cu-based
delafossites. Whereas for Ag-based delafossites, the valence band edge pos-
sesses O 2p character and d-manifold holes are more mobile than that of
p-manifold [128].

12.3.5 Other Deposition Techniques: PLD, RF Sputter
Deposition, Magnetron Sputtering with RTA,
and Ion Exchange Method

Growth technique plays the most significant role on the properties of
the films. Different deposition routes yield films with diverse structural,



Table 12.4. Delafossite p-TCO thin films with different doping concentrations and their respective optoelectrical parameters

Material Dopant Percentage Average film T (%) E,-direct ORT SrT Ref.
of doping thickness (nm) (eV) (S em™) (LvV K1)
CuAlO; Undoped - 230 70 3.5 0.34 +214 [116]
CuGaOa Undoped - 500 80 3.6 0.063 +560 [111]
CuGay—,Fe, 0o Fe 0.5 150 60 3.4 1.0 +500 [119]
Culn;_,Ca, 02 Ca 0.07 170 70 ~3.9 0.028 4480 [112]
CuCrO2 Undoped - 250 40 ~3.1 1.0 - [121]
CuCr;_»Mg, 02 Mg 0.5 270 50 3.1 220.0 +150 [17,121]
CuYO2 Undoped - 200 60 ~3.5 0.025 - [17,122]
CuYi-,Ca; 0o Ca 0.01-0.02 240 50 3.5 1.05 +275 [17,122]
CuScO2* Undoped - 110 40 ~3.3 30.0 - [17,120]
CuSc; Mg, 05" Mg 0.05 220-250 80 3.3-3.6 ~0.07 - [119,132]
60 3.3-3.6 ~0.1 -
25 3.3-3.6 ~0.8 -
15 3.3-3.6 ~20.0 -
CuNij_,Sb,Sn, Oz Ni 0.66 ~200 60 3.4 0.05 +250 [119]
Sb 0.33
Sn 0.033
AgCo0,° Undoped - 150 50 4.15 0.2 +220 [119]

# Maximum of 25% oxygen was intercalated

> The variation of transparency of the films at the expense of conductivity was due to a variation of oxygen pressure from 3 (for most
transparent film) to 15,000 Torr (for least transparent film). Also according to [132], the doping concentration of Mg was 1%

¢ The Ag:Co ratio was 1.1:1

4%
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Fig. 12.8. Optical transmission of AgCoO, thin film (redrawn from [119] with
permission)
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Fig. 12.9. Determination of direct bandgap of AgCoO, thin film (redrawn
from [119] with permission)

optical, and electrical properties. Even for the same deposition technique,
slight variation in the deposition parameters produces films with different
properties. So it is very important to have a comparative study on the
properties of various films produced by different deposition routes. Detailed
description of different deposition techniques along with their schematic dia-
grams and related parameters is reported in various literatures [71, 74,133~
136]. Here we discuss briefly various deposition procedures used to deposit
delafossite p-TCO thin films. PLD is a one of the important but relatively
new and very efficient technique to deposit epitaxial films. Although a bit
costly, but highly phase pure films with high-accuracy thickness can be pre-
pared by this method. Delafossite p-TCO films prepared by this method
include CuAlO2 [100, 116, 137-139], CuGaO, [111, 137], CulnOs:Ca [112],
CuScOs [140-142], etc. The deposition environment for most of the afore-
mentioned reports was oxygen whereas the films were grown with an elevated
substrate temperature. Postdeposition annealing was also done in most cases
to induce excess oxygen for enhancing p-type conductivity as described later.

Sputtering is another popular thin film growth technique used extensively
around the globe. As it is relatively cost-effective with respect to PLD and
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large-area deposition is possible by this process, large-scale production of
films for diverse applications can be done by this technique. Both reactive
and nonreactive forms of direct current (DC), RF, magnetron, as well as ion
beam sputtering techniques have been used for deposition of various delafos-
site p-TCOs. RF sputtering of CuAlOs [138,139], CuGag sFeq 50, [119],
CuCr0‘95Mg0,0502 [121], CUSC02+y, CUSCQ‘95MgO'Q5OZ [119, 120], CuNio.67
Sbo 551003305 [119,125], AgCoO, [119], etc., has been reported. Pulsed mag-
netron sputtering of p-CuAlO, films was prepared by Alkoy and Kelly [126].
On the other hand, DC sputtering of CuAlOs thin film has been reported
by us [15,16,57,63,143,144], which is more cost-effective procedure. Also, in
DC sputtering of oxide targets, the control of stoichiometry is almost auto-
matic, whereas for RF sputtering, the target stoichiometry is to be adjusted
suitably to compensate material loss from the substrate [74]. In all of the afore-
mentioned reports, the targets used were the corresponding sintered pellets,
arranged properly in the deposition chamber. Tables 12.5 and 12.6 repre-
sent various deposition parameters of delafossite p-TCO films synthesized
by RF and DC sputtering. Also Figs. 12.10-12.15 show various character-
istics of sputter-deposited delafossite p-TCO thin films. Reactive sputtering
of delafossite p-TCOs has been used extensively by various researchers, which
is discussed in details in later sections.

Table 12.5. Different deposition parameters of delafossite p-TCO films synthesized
by RF magnetron sputtering

Material CuAlOs CuGaOs:Fe CuCrO3z:Mg CuNiy/35b; /302:5n

RF power (W) 65 80 90 80

Electrode 40 30 38 -

distance (mm)

Base pressure — - 9.3x 1074 —

(Pa)

Sputtering 4.53 13.33 1.33 (Ar press) 13.33

pressure (Pa) (02 (Ar:05 = 4:1) (Ar:0O2 = 4:1/9:1)
press)

Target CuAlO- CuGag.5Fep. 504 CuCr;_,MgO, CuNig.675bg.3510.0302
pellet pellet pellet pellet

Substrate a-Al2 O3 Fused silica Fused quartz SiO2, YSZ (100),

(001) Al,O4 (001)

Substrate Ambient 100 450-750 500

temp. (°C)

Postannealing 90 90 2.5 (RTA in Ar) 180

time (min)

Postannealing 1,050* 800 (N2 atmos.) 600-900 900 (in air)®

temp. (°C)

Reference [138] [119] [121] [119,125]

? Ex situ in a Lindberg box furnace containing small amount of CuAlO2 powder

b Also for some cases, RTA in air at 900°C was performed
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Table 12.6. Deposition parameters of DC sputtering for CuAlO2 thin film

Material

CuAlOs thin film

Electrode distance (mm)
Target
Substrate

18
Sintered CuAlO; pellet
Si (400) and glass

Sputtering voltage (V) 1,100
Current density (mA cm™?) 10
Base pressure (Pa) 1074
Sputtering pressure (Pa) 20
Sputtering atmosphere Ar + 40 vol.% O2
Substrate temperature (°C) 180
Deposition time (min) 240
Postannealing time (min) 60
Postannealing temperature (°C) 200
Postannealing atmosphere (pressure) O2 (20Pa)
Reference [143]
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Fig. 12.10. XRD pattern of CuCrg.95 Mgo.050, thin film deposited by RF sputtering
technique (redrawn from [121] with permission). Asterisk marks are from indium
contacts

A combined process of magnetron sputtering and rapid thermal annealing
(RTA) was used by Shy et al. [145] to prepare single crystalline delafossite
p-type conducting CuAlOs thin films on sapphire substrate. Firstly, CusO
and Al;O5 precursor films on sapphire were deposited by reactive magnetron
sputtering in an Ar + O, atmosphere. Cu and Al metal targets were used
and reacted to form CuyO and AlyO5, respectively. The precursor films were
deposited without substrate heating. Subsequent CuAlOs formation process
was performed in air ambient by RTA. The specimens were heated up to
1,100 OC with a heating rate of 500C s™! and kept at the designated tem-
perature for 40 min. A typical sandwich structure of AloOs/CusO/sapphire
and the reaction mechanism before and after annealing is shown in Fig. 12.16.



430 A.N. Banerjee and K.K. Chattopadhyay

i
E
: a)
E ] M (
& S
% g g 8"’@ ¥~ o
< |¥ X|Z e 887 =
21\ VglgF 23E8 <
2[5/ =1/ ®
20 40 60 80 100
20 (deg.)

Fig. 12.11. XRD pattern of (a) AgCoO, thin film deposited by RF sputtering and
(b) target (redrawn from [119] with permission)
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Fig. 12.12. XRD pattern of DC sputtered-deposited CuAlO; thin film (after [143])
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Fig. 12.13. Optical transmittance and reflectance spectra of CuAlO2 thin film
deposited by DC sputtering. Inset shows the spectral variation of absorption
coefficients («) (after [143])
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Fig. 12.14. Temperature variation of conductivity of CuAlOz thin film deposited
by DC sputtering at different postdeposition oxygen annealing time (after [57])
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Fig. 12.15. XRD patterns of CuAlO2 thin films deposited by RF magnetron sput-
tering: (a) as-deposited film and (b) postannealed at 1050°C (after [138], reproduced
by permission of ECS — The Electrochemical Society). The intensity axis is in
logarithmic scale

ALO; (200 nm) Cu0 + AL O3 — 2CuAlO,

Cuy0O (500 nm) CuAlO; (360 nm)
~ 1000 °C

Sapphire

Air annealing

Fig. 12.16. Sandwich structure of AlyO3/CuzO/sapphire before and after
annealing. Also the typical reaction process is furnished
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Ton exchange method is another interesting procedure by which several
delafossite materials have been synthesized such as CuAlOg from LiAlO5 [146],
CulnOy from CuCl, Ag,CoOs2 (x < 1) from NaCoOy and AgNO, [119],
AgNiO.67Sb0_3302 from LiNi0_67Sb0.3302 and AgN03, Agzn0_67Sb0.3302 from
LiZng.675b0.3305 and AgNO, [125], etc. Although no film preparation was
reported by this method, this process may become an important target
preparation procedure for PLD or sputtering.

Also, based on ab initio electronic structure calculations, new methods
have been proposed by Yoshida and coauthors [147,148] to fabricate high-
conducting p-CuAlO,. They proposed that, in thermal nonequilibrium PLD
or molecular beam epitaxy (MBE) crystal growth techniques, induction of
high concentration of Cu vacancies in the material, to form impurity band, by
reducing the Cu vapor pressure during deposition might enhance the p-type
conductivity in the material. On the other hand, doping of Mg or Be at Al
sites to form acceptor levels by decreasing the Al vapor pressure and increasing
the Cu vapor pressure during low-temperature PLD, MBE, or MOCVD pro-
cess might also increase the p-type conductivity of the material (Tables 12.7
and 12.8).

12.3.6 Reactive Sputtered p-TCO

It is well known that reactive sputtering has the advantage over conventional
(RF or DC) sputtering from oxide targets, due to the fact that plasma density
would be better in former case due to the high conductivity of elemental
targets or metal powders, leading to better uniformity of the films. Also,
the intermediate step of sintering procedure to form the target pellet can be
avoided by this method. Both RF magnetron reactive cosputtering and DC
reactive sputtering have been adopted by various groups. As DC sputtering
can be applied conveniently for low resistive targets, whereas RF sputtering
is convenient only for high resistive (or insulating) targets, therefore, keeping
an eye on the cost-effectiveness of the deposition techniques, various groups
concentrated their attention more onto the DC reactive sputtering technique
to deposit p-TCO films from metal targets.

As far as reactive sputtering of spinel p-TCO films is concerned, Kim and
coauthors [37] deposited ZnCo20O, thin films on SiOs (200nm)/Si substrate
by reactive magnetron sputtering technique. This group had used a combina-
torial approach of DC and RF magnetron cosputtering of elemental Co and Zn
targets in an oxygen-diluted Ar atmosphere and at an elevated substrate tem-
perature (600°C). For Co targets, they have used DC source with a sputtering
power of 200 W, whereas, RF source had been used for Zn target with an RF
forward power of 100 W and a fixed total sputtering power ratio (Pco/Pzn)
of 2.0. They have observed that the sputtering power ratio between Co and Zn
targets is a critical growth parameter for the formation of the spinel phase.
Details of various reactive sputtering parameters for reactive deposition of
spinel ZnCos0O, have been furnished in Table 12.9.



Table 12.7. Optical and electrical properties of delafossite p-CuAlO, thin films synthesized by various growth techniques

Growth Thickness Average visible Room temp. E, Carrier Room temp. Ref. Remarks
technique (nm) transmittance conductivity (meV) concentra-  Seebeck coeff.
(%) (Scem™h) tion LV K1)
(cm™?)

PLD 500 70 0.095 ~200 1.3 x 107 +183 [100] -

PLD 230 80 0.34 220 2.7 x 10" +214 [116] Films were
postannealed in Oz
atmosphere (1.3 Pa)

RF magnetron 180 85 - - - - [138] Preliminary Hall and

sputtering TEP measurements

confirmed p-type
conductivity

Pulsed 40-240 85 0.1-0.2 - - - [126] The indirect bandgap

magnetron was estimated to be

sputtering 1.6eV

DC sputtering  500-700 80 0.08 260 3.7 x 10*7 +128 [143] Films were
postannealed in O2

atmosphere (20 Pa) for
60 min
DC sputtering 500 85 0.39 196 1.2 x 10'® +213 [57] Films were
postannealed in O2
atmosphere (20 Pa) for
90 min
MOCVD 250 40 2.0 120 2.6 x 10" - [149]  The films were a

mixture of
CuAlO2, Cuz0, and
CuAly Oy

(continued)
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Table 12.7. (continued)

PE-
MOCVD

E-beam
evaporation
RTA

Dip coating

Dip coating

Spin-
coating
technique
Spray
pyrolyses

Sol-gel
synthesis

120

360

3,500

1,000

420

1,000

1,100

40

50-85

60

90

60

30-70

17.08 32 1.17 x 10%°

1.0 - 1018-102°
0.57 —~ —~
5x 1073 — ~

2.4 140 5.4 x 1018
0.004 —~ —

(150, 151]

[152]

[145]

[153]

[154]

[155]

[156]

[157]

For those samples
annealed in air for
5min (at 350°C)
Hole concentration
decreases with
increasing water vapor
pressure
RTA was performed
over 1,000°C
Films were annealed in
air (at 500°C) for
180 min
Results given for films
deposited via nitrate
route
Film is nanocrystalline
in nature with grain
size around 14-16 nm
Transmittance
increases as Cu:Al ratio
approaches to 1.0
High resistivity is due
to porous structure of
the film

125%
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Table 12.8. Optical and electrical properties of different Cu- and Ag-based delafossite p-TCO thin films (other than CuAlO2)
synthesized by RF sputtering technique

Material Method  Thickness Average Room FE. Carrier Room temp. Ref. Remarks
(nm) visible temp. con- (meV) concentra- Seebeck coefl.
transmittance ductivity tion (LVK™)
(%) (Sem™) (cm~?)
CuGaO3:Fe RF 150 50-70 1.0 100 - +500 [119] Films were
sputtering postannealed in Na

atmosphere at
800°C for 90 min
and 50% Ga
replaced by Fe

CuScO2 RF 110 40 30.0 110 - [120]  Actual formula was
sputtering given as CuScOaz4y
CuScO3:Mg RF 250 15 20.0 95 - [119] 5% Mg doping for
sputtering Sc. Also the
variation in orr and
T was due to change
in postdeposition O2
annealing pressure
70 0.08 - - [119]
CuCrOa RF 200-300 30 1.0 — - [119,121] —
sputtering
CuCrOy:Mg RF 200-300 3040 220 20 - +150 [119,121] 5% Cr replaced by
sputtering Mg
CuNig 67 RF 150-200 60 0.05 170 - +250 [119,125] 10% Sb replaced by
Sbo.302:Sn sputtering Sn
AgCoO, RF 150 40-60 0.20 70 - +220 [119] Ag:Co=1.1:1.0
sputtering

# For low value of F,, the word “activation” should be used with caution
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Table 12.9. RF magnetron reactive cosputtering of spinel and delafossite
p-TCO films

Material ZnCos 0y Cu—Al-O films (a mixture
of CuAlO2 and CuO)
RF power (W) Zn power: 100 Al power: 60-110°
Co power: 200* Cu power: 30
Targets Metallic Zn and Co Metallic Cu and Al
Substrate SiO2 (200 nm)/Si Glass
Substrate temp. (°C) 600 100
Base pressure (Pa) 2.0x 107" -
Deposition pressure (Pa) 1.33 -
Sputtering atmosphere Ar 4+ O2° Ar + 5% O
Postannealing — None
Reference [37] [158]

& For Co target, DC source had been used
> For Al power, 110 W single phase amorphous CuAlO» was formed
¢ Qg partial pressure is varied from 10 to 90%

This group had also varied the ratio of oxygen partial pressure to a con-
stant total working pressure (10 mTorr) during deposition from 10 (with Oq
partial pressure 1mTorr) to 90% (with Os partial pressure 9mTorr) and
observed that the films deposited with a oxygen partial pressure ratio less than
70% showed n-type conductivity, whereas, those deposited above 80% oxygen
partial pressure ratio are p-type conducting [37]. Figure 12.17 shows vari-
ous electrical parameters of ZnCoy0, thin film under different oxygen partial
pressure ratio. Also, Table 12.11 describes various optoelectrical parameters
of spinel p-ZnCos0, thin films prepared by reactive magnetron cosputtering
technique.

Reactive sputtering of delafossite p-TCO thin films involves both RF and
DC reactive sputtering techniques. For RF sputtering, Ong and Gong [158]
used RF magnetron reactive cosputtering of Cu and Al metal targets to syn-
thesize transparent p-type Cu—Al—O films (a mixture of delafossite CuAlO4
and CuO). This group used 30 W fixed RF power for Cu target, but a vari-
able power (60-110 W) for Al target, as the sputtering yield of Al is less than
that of Cu in Ar + Oy environment. Various sputtering conditions for the
film growth are furnished Table 12.9. With varying Al power, they obtained
Cu—Al-O films with a varied Cu/Al ratio from 10 to 0.9%, and at an Al
power of 110 W, they obtained single phase amorphous p-CuAlO, thin film.
Also from the absorption data, they have observed a blueshift of the bandgap
of this multiphase film (mixture of CuAlO2 and CuO) with an increase in the
Al content within the film. Whether this bandgap widening is due to Burstein-
Moss shift [159] or may be attributed to the quantum confinement effect put
forward by Brus [160] is still not clear and intense research is needed in this
direction to explore the exact mechanism. Figures 12.18 and 12.19 show the
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Fig. 12.17. Conductivity (o), electron concentration (n), hole concentration (p),
and mobility (u) of ZnCo204 thin film at various oxygen partial pressure ratio
(after [37])
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Fig. 12.18. Bulk resistance of RF magnetron reactive sputter-deposited Cu—Al—O
thin films with different Cu/Al atomic ratio and at different Al power (from 60 to
90 W) (after [158])

variation in the bulk resistance and optical bandgap values of Cu—Al—O thin
films with different Cu/Al atomic ratio, respectively.

As far as DC reactive sputtering is concerned, Tsuboi et al. [161, 162]
used facing targets of Cu and Al metals and a rotating substrate to syn-
thesize CuAlO; films by DC reactive sputtering. A schematic diagram of
the apparatus is shown in Fig. 12.20. As shown in the figure, the discharge
plasma could be confined between the facing targets by magnetic field and
the substrate was placed outside the plasma region to avoid bombardments
of high-energy particles. The sputtered Cu and Al atoms were alternately
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Fig. 12.19. Blueshift of fundamental absorption edge of RF magnetron reactive
sputter-deposited Cu—Al—-O films with different Cu/Al atomic ratio (after [158])
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Fig. 12.20. DC reactive sputtering system with two pairs of opposite facing targets
and a rotating substrate (after [161])

deposited on the quartz substrate at 300°C for about 4h by controlling a
pulse motor connected with the substrate holder. The sequential period of
Cu deposition (tcy,) was fixed to 1s, whereas the same for Al (ta;) was varied
from 3 to 15s to vary the Cu/Al ratio in the film.

The total film thickness was in the range of 400-800nm. The films were
postannealed at temperatures of 500-1050°C for 4 h in the nitrogen flow under
atmospheric pressure. Various sputtering parameters for this film growth are
furnished in Table 12.10. Figure 12.21 shows the composition of the film
with different postannealing time. The [Cu]/[Al] ratio in the as-deposited
films decreased with increasing ta;. Figure 12.22 shows the optical transmis-
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Table 12.10. Various sputtering parameters of reactive DC sputtered delafossite

p-TCO thin films

Material CuAlOs thin film CuAlOs thin film CuAlO3 thin film?
Target Elemental Cu Mixture of Cu +  Cu/Al alloy (with
and Al metal Al metal powder 1:3 ratio)
(facing) targets pellets
Electrode - 18 65
distance (mm)
Sputtering Cu-facing 1,000 292-394
voltage (V) targets = 750
Al-facing
targets = 350
Current density Cu-facing 12 200-300 mA
(mA cm™?) targets ~1.17 (current)
Al-facing
targets ~7.0
Base pressure - 1074 5x 1074
(Pa)
Sputtering 0.53 20.0 4.0
pressure (Pa)
Sputtering Ar 4+ Oz (4:1) Ar 4 O2 (3:2) Ar + O2
atmosphere
Substrate Quartz (rotating)  Si (400) and glass Glass
Substrate 300 200 250
temperature (°C)
Deposition time 240 240 -
(min)
Postannealing 240 60 -
time (min)
Postannealing > 700 220 -
temp. (°C)
Postannealing N2 (ambient O3 (20Pa) -
atmosphere pressure)
Reference [161] [163,164] [165]

#This process involved DC reactive magnetron sputtering

sion spectra of DC reactive sputter-deposited p-CuAlO, thin film at different

Cu/Al ratios.

Similarly, DC reactive magnetron sputtering of p-CuAlO, film was done

by Reddy and coauthors [165], where a target of Cu/Al alloy (with 1:3 ratio)
was used to deposit CuAlO5 film on glass substrate. This group has system-
atically studied the change in electrical, optical, and structural properties of
p-CuAlO, thin films with a variation in the oxygen partial pressure during
deposition. Figures 12.23 and 12.24 show the variation in different electrical
and optical properties of these films with respect to oxygen partial pressure. It
must be mentioned here that, in most of the sputtering procedures indicated
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Fig. 12.21. Composition of as-deposited and postannealed p-CuAlO, thin films
(after [161])
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Fig. 12.22. Optical transmission spectra of p-CuAlO, thin films postannealed at
1050°C. Cu/Al ratio in the films varied from (a) 1.8, (b) 1.7, (c) 1.1, and (d) 0.7
(after [161])

above, the sputtering atmosphere was taken as Ar and Os and the deposi-
tions were done in an elevated substrate temperature. Postannealing of the
films was also performed in many cases to get better p-type conductivity.
In some cases, RTA of the films was also done to get higher crystallinity
and transparency [120, 121]. Various deposition parameters of DC reactive
sputter-deposited delafossite p-TCO thin films are furnished in Table 12.10.
Also various electro-optical parameters of different DC reactive sputtered thin
films are furnished in Table 12.11.
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Fig. 12.23. Variations in electrical resistivity (p), Hall mobility (u), and carrier
concentration (n) of DC reactive sputtered p-CuAlQ,, thin films (after [165])

12.4 Transparent Junctions Based on Spinel
and Delafossite Oxides

Junctional devices fabricated by both n- and p-types of TCO thin films are
the key structure for “Invisible Electronics” [56]. The simplest of them is the
p—n junction diodes with rectifying properties. The importance of these types
of devices lies in the fact that “functional windows” can be fabricated by these
devices, which would transmit the visible solar radiation but absorb the UV
part of it [100]. Thus simultaneously, these devices can act as “UV shields”
as well as “electricity generators” by the UV absorption. Fabrication of a
number of all-TCO diodes based on spinel and delafossite p-TCO films has
been reported, which includes both p—n and p—i—n homojunctions and hetero-
junctions as well as transparent field-effect transistors (TFETs). A schematic
diagram of all-TCO diode is shown in Fig. 12.25.

As far as all-TCO junction based on spinel structure is concerned, Ohta
et al. [166] first reported p—n heterojunction of the form p-ZnRhsO4/ n-ZnO
on indium tin oxide (ITO)-coated YSZ (111) substrate. The n- and p-layers
were deposited by PLD technique. A schematic diagram of the structure is
shown in Fig. 12.26 and corresponding -V curve is given in the inset. The
curve shows rectifying properties with threshold voltage around 2.0V.



442 A.N. Banerjee and K.K. Chattopadhyay

10U
)
C 75)
]
6]
=
g
= 50
E Ts =523 K
E ---------- 2x10 *mbar
=t 6x10”*mbar
——1x10" *mbar
0 ."'". ' 1 1 L
500 1000 1500 2000 2500

Wavelength (nm)

Fig. 12.24. Optical transmittance spectra of DC reactive magnetron sputtered
p-CuAlO, film at different oxygen partial pressures (after [165])

Most of the groups have chosen ZnO as the n-layer mainly because of less
lattice mismatch between p-layers, which is necessary to fabricate proper rec-
tifying junctions. For n-ZnO/p-ZnRhyOy4 rectifying junction, Ohta et al. [166]
have selected ZnO epitaxial layer as the n-type material mainly because of
the sixfold symmetrical oxygen configuration in (0001) plane of ZnO, which is
similar to that in the (111) plane of ZnRhoO4 with the sixfold symmetry. The
mismatch is very low and more importantly, no chemical reaction was expected
to take place between the two layers even at high temperature because no
other crystalline phases have been reported in the equilibrium Zn—Rh—O
system [166]. The same group has also demonstrated amorphous oxide p—n
junction diodes based on other crystalline material spinel ZnRhyOy4 [104,167].
The diode was formed on glass and plastic substrates with ITO and Au as
ohmic contacts. The structure of the diode is shown in Fig. 12.27 and the
corresponding -V characteristic is shown in the inset. Some of the diode
characteristics are furnished in Table 12.12.

Amorphous semiconductors are highly favorable for large-scale production
of many devices like solar cells, flat panel displays, etc. The advantage of using
amorphous materials in these devices lies in the fact that low-temperature
deposition of amorphous thin films on large substrates is possible and also the
problem of lattice mismatching in p—n junctions can be minimized by using
amorphous materials [167]. Therefore, tremendous opportunities lie ahead in
the field of amorphous oxide-based p—n junctional devices.

As far as delafossite p-TCO-based transparent junctions are concerned,
Hoffman et al. [168] fabricated p—i—n heterojunction of the form p-CuYOx:
Ca/i-ZnO/n-ITO. The I-V characteristics are shown in Fig. 12.28. They
have observed visible transparency of the structure around 35-65%. Similarly,
Jayaraj et al. [122,169] fabricated p—n heterojunction using p-CuY,_,Ca, 02



Table 12.11. Optical and electrical properties of different spinel and delafossite p-TCO thin films synthesized by reactive sputtering

techniques
Material Growth Thickness Average Room F. Carrier Room Ref. Remarks
technique (nm) visible temp. con- (meV)  concentra- temp.
transmit- ductivity tion Seebeck
tance (Sem™) (em™3) coeff.
(%) WV K™
7ZnCo304 RF magnetron 400 - 1.5-2.0 - 2.41 x 10%° - [37] Oxygen partial pres-
reactive sure ratio more than
cosputtering 80% gives spinel
p-ZnCo204 films
CuAlO2 RF magnetron 250 20-80 - - - - [158] Small amount of CuO
reactive was present in the film
cosputtering
CuAlO2 Reactive DC 400-800 50-60 0.01-0.1 - - - [161] With facing metal
sputtering targets and rotating
substrate. Films
were annealed at
1,050°C in Ny
atmosphere
CuAlO2 Reactive DC 500 85 0.22 250 4.4 x 10" +115 [154, Target was Cu + Al
sputtering 163] metal powder pellets
CuAlO2 Reactive DC 120-130 70-75 0.32 - 4.5 x 107 - [165] The best electrical
magnetron properties were
sputtering obtained at

6 x 10~* mbar
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Fig. 12.26. Current—voltage characteristics of ITO/n-ZnO/p-ZnRh2O4/Au diode
(after [166]). Inset is the schematic structure of the diode

(z = 0.01-0.02)/n-Zn; _, AL, O (x = 0.02) structure. They observed rectifying
I-V characteristics with a turn-on voltage between 0.4 and 0.8V (shown in
Fig. 12.29).

Also, Tonooka et al. [170] reported the fabrication of n-ZnO/p-CuAlO,
diode structure with rectifying characteristics and observed a photovoltaic
effect (as large as 80mV) under illumination of blue radiation. Although
the performance of the diode was restricted by the low crystallinity of the
CuAlQOg layer, the forward-to-reverse current ratio showed a moderate value
of 90 between —1.5 and +1.5V. Also the transparency of the structure was
40-70% in the visible region. The diode structure and transparency of the
diode are shown in Fig. 12.30. We have recently reported the fabrication of
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Fig. 12.27. Current—voltage characteristics of amorphous oxide-based diode of
the form glass/ITO/n-InGaZnO4/p-ZnRh2O4/Au (after [104]). Inset: corresponding
device structure

p-CuAlO,, ,/n-Zn;_,Al, O heterojunction diode by a combination of cost-
effective physical (sputtering) and wet-chemical (sol-gel) processes [146]. The
diode shows 60% visible transparency with turn-on voltage around 0.8 V. The
approximate equilibrium energy band diagram depicted that this low turn-on
voltage is due to the presence of some midgap energy levels, which might have
been induced as a result of excess oxygen intercalation during sputtering of
the p-layer.

Also, some unintentional impurity incorporation during sol-gel process
may not be ruled out as another reason for the formation of these midgap
energy levels [146]. The I-V characteristics and optical transparency of the
diode are shown in Fig. 12.31. Also, some of the electro-optical properties of
all the aforementioned junctions are furnished in Table 12.12.

Besides heterojunctions, fabrication of p—n homojunctions was also
reported by few authors. Importance of the homojunctions lies in the
fact that lattice matching is supposed to be automatic during the forma-
tion of diodes. First all-delafossite p—n homojunction diode was fabricated
by Yanagi et al. [113]. The diode structure was of the form of YSZ
(111)/ITO/p-Culn042:Ca/n-CulnO2:Sn/ITO (shown in Fig. 12.32). Calcium-
and tin-doped copper indium oxide films were used as the p- and n-layers,
whereas ITO was used as metallic electrodes. They observed rectifying proper-
ties of the junction with turn-on voltage ~1.8 V, which is shown in Fig. 12.32.
Various electro-optical parameters of deferent all-transparent homojunction
diode are furnished in Table 12.12.



Table 12.12. Parameters of deferent all-transparent diodes

Diode structure n-ZnO/ a-InGaZnOy4 n+—ITO/ n-Zni Al O/ n-ZnO/ n-CulnOs:Sn/  n-Zni_,Al, O/
p- ZnRh2Oy (n)/a- i-ZnO/p™T- p-CuY;_,Ca,;02 p-CuAlO- p-CulnO3:Ca p-CuAlOgy
ZnRh20y4 (p) CuYO3:Ca
Thickness (nm) p-Layer - 300 300 300 400 400 500
i-Layer - - 250 - - - -
n-Layer - 300 200 250 400 400 600
Carrier concen- p-Layer - - 1 x 109 ~101° - - 2.6 x 1017
tration (cm™?%)
i-Layer - - 5 x 109 - - -
n-Layer — 4.2 x 106 ~10%° 9.6 x 10%° — - 3.0 x 10'7
Substrate ITO-coated YSZ  Glass/plastic Glass Glass Glass YSZ (111) Glass
(111)
Deposition p-Layer PLD RF sputtering Reactive Reactive PLD PLD Sputtering
technique coevaporation  coevaporation in
O3 atmosphere
i-Layer - - RF magnetron - - -
sputtering
n-Layer PLD RF sputtering RF sputtering RF magnetron PLD PLD Sol-gel dip
sputtering coating
Electrodes p-Side Au Au In In ITO ITO Ag
n-Side ITO ITO In ITO nt-ZnoO ITO Ag
Turn-on voltage (V) ~2.0 ~2.1 ~4.0 0.4-0.8 0.4-1.0 1.8 0.8
Forward-to-reverse - 10% at +£5.0V 60 at £4.0V 190 at £3V 90 at £1.5V 10 at 4.0V 30 at £4.0V
current ratio
Reference (166] (104,167] [168] [122,168,169] [170] [113] (146]
Remarks The diode The n- and The ZnO layer The diode ZnO layer grown The diode No
exhibits p-layers were becomes showed 40% at 250°C showed showed 60-80% postannealing
photovoltage deposited at semi-insulating  transparency in  good rectifying transparency in was done for the
with UV-light room after RTA at the visible region property the visible region p-layer during
illumination temperature 600°C with diode formation

n~ 10" cm ™3

id%

Aefypedojyey) "33 pue solioueg ‘N'V
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Fig. 12.28. -V characteristics of n*-ITO/i-ZnO/er—CuYOQ:Ca heterojunction
diode for undoped and Al-doped intrinsic ZnO layer (after [168])
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Fig. 12.29. I-V curve of p-CuYO2:Ca/n-Zn0O:Al transparent diode (after [122]).
Inset shows the corresponding diode structure

Another important area in the field of “Transparent Electronics” is the fab-
rication of TFETs [89]. Prins et al. [171,172] reported the fabrication of ferro-
electric TFETS, based on transparent SnO2:Sb thin films. They have observed
the field-effect mobility around 10ecm? V=1 s71, with an on/off current ratio
~10%. Later various groups [173-175] reported the fabrication of ZnO-based
TFETs with reasonable device properties. Recently, Nomura, Ohta, and coau-
thors [176,177] reported the successful fabrication of high mobility top-gate
TFETSs based on single crystalline transparent InGaO3(Zn0O); thin film. The
device shows the mobility as high as 80cm? V™' s~ with on /off current ratio
~10% and more than 80% transparency in the visible and near-infrared region.
A schematic diagram of TFET structure is shown in Fig. 12.33. The deposi-
tion techniques for the fabrication of these TFETs include PLD [171,172,174],
ion beam sputtering [173], RF magnetron sputtering [175], reactive solid-
phase epitaxy [176], etc. But, till date (as far as literature survey depicts),
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Fig. 12.30. Optical transparency of n-ZnO/p-Cu—Al—O diode. Inset shows the
corresponding diode structure (after [170])
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Fig. 12.31. Rectifying [-V curve of p—CuAlOQH/n—an_IAle diode. Inset: optical
transmission of the diode structure (after [146])

there are no reports of TFETSs based on any spinel or delafossite p-TCOs. In
spite of that, these reports provide a significant step toward the realization of
“Invisible Electronics.”

12.5 Origin of p-Type Conductivity in Wide-Bandgap
Spinel and Delafossite Oxide Materials

It has been found that most of the existing TCOs are n-type, whereas it
is very difficult to prepare binary metal oxides with p-type conductivity. A
possible reason for this has been described by Kawazoe et al. [100,137], where
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Fig. 12.33 Schematic diagram of top-gated TFET structure (after [176])

they argued that this is probably because of the electronic structure of these
metal oxides. Strong localization of holes (it can be successfully introduced
by intentional substitutional doping or by producing nonstoichiometry within
the material) at oxygen 2p levels or an upper edge of the valence band due
to high electronegative nature of oxygen, i.e., this localization is due to the
ionicity of metallic oxides. O 2p levels are far lower lying than the valence
orbit of metallic atoms [178], leading to the formation of deep acceptor level
by the holes. In other words, the holes, therefore, have high probability to
be localized around the oxygen atoms. Hence these holes require high enough
energy to overcome large barrier height to migrate within the crystal lattice,
resulting in poor conductivity and hole mobility.

A possible solution proposed by Kawazoe et al. [137] is to introduce a
“degree of covalency” in the metal-oxygen bondings to induce the formation
of an extended valence band structure, i.e., the valence band edge should be
modified by mixing orbitals of appropriate counter cations that have energy-
filled levels comparable to O 2p level. This would reduce the strong coulombic
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force by oxygen ions and thereby delocalizing the holes. This is the essen-
tial approach to obtain p-TCO, which is called “chemical modulation of the
valence band (CMVB)” [137].

But the next requirement is the choice of appropriate cationic species
that will serve for CMVB technique. Investigations showed that the required
cationic species are 3d'%-closed shell of Cu" ions and 4d'%-closed shell of
Ag™ ions [137,178]. Although some transition metal cations with open d-
shell may fulfill the energy requirement [179] for CMVB technique, but they
usually show strong coloration due to d—d transition, which is expected but
not wanted for transparent materials. Hence, focus had been concentrated
on the cations mentioned above, with closed (d'%s") electronic configuration.
Figure 12.34 shows a schematic illustration of CMVB technique. Both of the
atomic orbitals are occupied by electron pairs, and the resulting antibonding
level becomes the highest occupied level, i.e., the valence band edge.

Next is the structural requirement for designing p-TCO materials. Tetra-
hedral coordination of oxygen ions is advantageous for p-type conductivity,
as it acts in reducing the localization behavior of 2p electrons on oxide
ions [137]. The valence state of the oxide ions can be expressed as sp?
in this conformation. Eight electrons (including 2s?) on an oxide ion are
distributed in the four ¢ bonds with the coordination cations. This elec-
tronic configuration reduces the nonbonding nature of the oxide ions and
increases the delocalization of holes at the valence band edge (that is why
Cuz0 is a p-type conducting oxide [180-183]). But CuzO, although p-type
in nature, has rather small bandgap (2.17eV) [181]. This is probably because
of the three-dimensional interactions between 3d!'° electrons of neighboring
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Cu™ ions. It is expected that the low-dimensional crystal structure would
suppress this interaction [116]. As we are interested in TCOs, bandgap
of the material (Ey) should be greater than 3.1eV. Hence enlargement of
bandgap would be another structural requirement for designing p-TCO, so
that there is no absorption of visible photons. Materials with delafossite
crystal structure ABOy (A: monovalent ions, Cu®, Ag™'; B: trivalent ions,
Al™3) Ga™3, In™3, Crf3, Fet3, Co™®, Sct3, Y13, etc.) [12-14] were chosen
as the candidates for p-TCOs for several reasons. Firstly, if we investigate
the delafossite structure as shown in Fig. 12.2 (and discussed in details in
Sect. 12.2), we see that the “pseudotetrahedral coordination (BsAO)” with
the neighboring B and A ions reduces the nonbonding nature of the oxide ions
and, therefore, delocalizes the holes at the valence band edge. Secondly, this
layered structure (O — A — O dumbbell layer and BO4 layer) effectively reduces
the dimension of crosslinking of A ions and, thus enlarging the bandgap [100].
And finally, another important factor in this structure is the low coordination
number of the A ions, due to the large separation from oxygen ligands, which
is the result of the strong coulombic repulsion between 2p electrons in oxy-
gen ligands and A-d!9 electrons. This leads to the A-d!? energy levels almost
comparable to the O 2p level, resulting in a high degree of mixing of these
levels, which is essential for CMVB technique [119].

The cause of p-type conductivity shown by p-TCO materials is due to
excess oxygen (or metal deficit) within the crystallite sites of the material,
i.e., the defect chemistry plays an important role. This deviation from the
stoichiometric composition of the components can be induced by regulat-
ing the preparation condition of the materials. The defect reaction for a
delafossite material of the form A'B'!O, may be represented by the following
equation [60, 184]

O2 |=208 + Vi + Vg + 4h™" (12.1)

where “Ogp” denotes the lattice oxygen, “V” denotes the vacancies of mono-
valent cation Al and trivalent cation B, respectively, and “h” denotes the
hole. Superscripts x, —, and + denote effective neutral, negative, and positive
charge states, respectively. The symbol | denotes the dissolution of oxygen
within the material during oxidation.

Also, intercalation of excess O~2 ions in the interstitial sites may trap
electrons, leaving behind empty states in the valence band, which act as
holes. The formula for oxygen-excess delafossite films may be written as
AIBHlongm (AI _ Cqu, Ang and B —= A1+3, Ga+3, In+3, Y+3, SC+3
cations, etc.). The value of z, i.e., the percentage of excess oxygen, may be as
low as 0.001% in CuAlOg., thin film [56] to more than 25% in CuYOg4, poly-
crystalline powder and CuScOz.,, thin films [128,185-187]. Figure 12.35 shows
schematic representation of nonstoichiometric ABOs crystal with “excess”
oxygen in lattice sites and interstitial sites. Figures 12.14, 12.36, and 12.37
show some experimental evidences in support of the theory of enhanced p-type
conductivity due to excess oxygen.
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Oxygen intercalation in delafossite p-TCOs only showed a maximum
reported conductivity around 3 x 10'S cm™* [120]. But this is still quite
less than that of commercially available n-TCOs like ITO, which is having
room temperature conductivity more than 1 x 102 S cm™'. So next attention
was focused on the substitutional doping of these materials by appropriate
dopants to increase the conductivity. Doping of CuAlO5 was first attempted,
as it was the first reported material amongst p-TCOs. Several groups theoreti-
cally calculated the effects on the electronic behavior of the material due to the
presence of various cations in Cu and/or Al sites. Lalié¢ et al. [188—-190] showed
that Cd and Zn substitutions on Cu site would produce n-type conductivity in
the material, whereas Ni doping in Cu sites would enhance the p-type conduc-
tivity of the material. But Cd doping on Al sites would have no effect on the
electrical properties of the material. Preparation of a solid solution of gallium-
doped copper aluminum oxide in the form of CuAl;_,Ga,02 (0 < z < 0.5)
was reported by Shahriari et al. [191]. But no film preparation of this mate-
rial was reported by them. Also, no other experimental data on the doping of
CuAlO; thin film has yet been reported. Heavy doping (~50%) of CuGaO2
by Fe™ in Ga sites has been reported by Tate et al. [119]. Their strategy
was to combine high transparency of CuGaQOs thin film (~80% in visi-
ble region [111]) with better conductivity (over other Cu- and Ag-based
delafossites [12-14]) of CuFeOy pellets (2.0S cm™' [12-14,192]). Both the
polycrystalline powder and thin film of CuGa;_,Fe, Oy (0 < z < 1) have
shown p-type conductivity. It was observed that high Fe doping had increased
the conductivity of the film from 2 x 10728 em™' (for undoped CuGaO,
thin film) to almost 1.0S em™ ! for CuGaj_,Fe, 0o (x = 0.5) thin film,
whereas transparency of the films became ~60% in the visible region [119].
The temperature variation of conductivity of undoped and Fe-doped CuGaQO,
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Fig. 12.38. Temperature dependence of conductivity of undoped and Fe-doped
delafossite CuGaO2 thin films, indicating increase in conductivity with doping
(after [119])

thin films is shown in Fig. 12.38. Doping of CulnOs, CuYO3, CuScOs2, and
CuCrO, by divalent cations, e.g., Ca™2, Mg™?, etc., were reported by various
groups [112,113,119-122].

When a trivalent cation was replaced by a divalent one, one empty state
in the valence band was created, which acts as a hole, thus increasing hole
conductivity. The method may be described by the following equation

1+3

(M 4 3e7) 1= (M +2e7) | + V™ +ht (12.2)
where M and MI™ are the trivalent and divalent cations, respectively,
V™ is the vacant state which has been occupied by an electron e~, and h*
is a “free” hole. The symbols T and | denote the replacement of trivalent
cation by divalent one in the lattice sites. Such doped delafossite films like
CuCry_,Mg,02 (z = 0.05), CuY1_,Ca; 02 (z = 0.01-0.02), CuSc;_, Mg, 02
(x = 0.05) showed better hole conductivity over the corresponding undoped
films. The temperature variations of the aforementioned doped films are shown
in Fig. 12.39.

Some Ag-based delafossite materials like AgB™ O, (B! = Sct3, Crt3,
Ga't3, etc.) with 5% Mg doping at B! sites were reported by Nagrajan
et al. [128]. The conductivities of these sintered powders were very low
(~1075-107*S cm™') and also no film preparation of these materials was
reported anywhere so far.

There are also reports in the literature about the double substitution of
trivalent B! sites by divalent and pentavalent cations, e.g., CuFe;_;V;O2
(ZIJ = 05), CuNil_szzOQ, Cuan_errOQ, CuCol_szzOQ, CuMglfobrOQ,
CuMn;_,Sb, 02, AgNi,_,Sb, 02, AgZn;_,Sb, Oy (x = 0.33), etc., but all in
the form of sintered powder [125,128]. Also, triple substitution of trivalent
cation had been reported by Tate and coauthors [119,125] in the form of
CuNi;_,Sb;Sn, 02 (x = 0.3, y = 0.033). Thin film of this material showed



12 Reactive Sputtered Wide-Bandgap p-Type Semiconducting 455

10 K CuCro, :Mg

CuScO 2 :Mg

Conductivity (S cm_l)
-

-3
10

4 5 6 7 8 910 11 12
1000/T K

Fig. 12.39. Temperature dependence of conductivity of some doped delafossite thin
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an average of 60% transmittance with a room temperature conductivity of
5x 1072S cm™!. The exact electronic structure and conduction mechanism
of these types of materials are yet to be explored completely. Tremendous
opportunities are there to carry intense research work in this field.

Regarding the transparency and p-type conductivity in spinel oxide mate-
rials, the process is different than that of delafossite materials. For Ni-based
spinel p-TCO films such as NiCo,Qy, it was found that disorder-induced small
polaron hopping of holes contributes to p-type conductivity, resulting in high
values of orr, approaching 10%S em ™! at the expense of some transparency
in the visible region [52,103]. These compositions were developed as infrared
TCO materials. For Zn-d® transition metal oxide-based spinel materials, the
low-spin ground state of transition metal oxides with d® configuration (such as
Co, Rh, Ir), under octahedral crystal environment, behaves like Cu-d'° closed
shell configuration, and therefore leads to p-type conductivity and optical
transparency [54, 55], similar to delafossite materials. The ligand field split-
ting of M-d® (M = Co*3, Rh"® Ir*3) due to octahedral surroundings of
sixfold oxygen ions leads to the enhancement of the bandgap of these mate-
rials [5,54,55]. Tremendous opportunities lie ahead to explore new kinds of
spinel p-TCO materials using various models and theories.

12.6 Reactive DC Sputter Deposition
of Delafossite p-CuAlO2,, Thin Film

12.6.1 Introduction

As discussed in the previous sections, p-TCO thin films are very important
materials in the field of optoelectronic device technology for the realization of
“Transparent Electronics” [56]. Besides delafossite- and spinel-based p-TCO
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thin films, mentioned in the earlier sections, some other types of p-TCO
films also exist, such as undoped and K-doped SrCuyOs [193,194], oxysul-
fides like (LaO)CuS/Se [195,196], mixed oxide like InpO3—AgoO [197], and
binary oxides such as NiO [198], p-type ZnO [199-203], etc. These p-TCO
films have been reported to show very good electrical and optical properties
with maximum visible transmittance around 90% for p-ZnO films [203] and
maximum room temperature conductivity (orr) as high as 140.0 S cm™ ' for
(Laj—yMg,O)CuSe films [204].

Copper aluminum oxide (CuAlQs) is the first and the most important
p-TCO material reported in thin film form [100], which has reasonable optical
and electrical properties for diverse device applications. The reported visible
transparency of this material is around 80% with a direct bandgap value
of 3.5eV, whereas the room temperature conductivity (ogrr) is 0.34S cm™*
with a carrier concentration ~3.0 x 109 ecm =3 [138]. Although the reported
transparency is quite high, but the hole concentration is one to two orders of
magnitude lower than the corresponding well known and widely used n-TCO
thin films, e.g., ITO, ZnO, SnOs, etc. Therefore, as far as technological aspects
are concerned, improvement in the electrical characteristics of this material is
very important along with the reproducibility with the required optoelectri-
cal properties. We have previously reported an increase in the excess oxygen
content as well as an increase in the p-type conductivity of DC sputtered
CuAlOg24, thin films with an increase in the postdeposition oxygen annealing
time [80, 165]. Also we have reported very good thermoelectric and field-
emission properties of p-CuAlOg thin films synthesized by DC sputtering
technique [57,63].

As far as thermoelectric properties of p-CuAlO, thin films are con-
cerned, various groups reported enhanced thermoelectric properties of these
films [82,83], indicating its potential applications in thermoelectric convert-
ers. Also, regarding the field-emission studies of widegap p-CuAlO; films
are concerned, our group has first reported the low-threshold field-emission
properties of DC and reactive sputtered p-CuAlOs thin films [63,164], which
indicate that this material can become an interesting alternative to the con-
ventional field emitters like carbon nanotubes (CNT), silicon carbide nanorods
(SiC), diamond or diamond-like carbon films (DLC), amorphous carbon (a:C),
etc. [205,206].

In this section, we have reported the synthesis of p-CuAlQOs thin films by
reactive DC sputtering technique by our group. Also the structural, optical,
electrical, and thermoelectric properties of these films are investigated with
considerable attention and discussed in details. This may help in understand-
ing the reactive sputtering process to deposit p-CuAlO2 and similar types of
p-TCO thin films and their potential application in “Transparent Electronics.”
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12.6.2 Synthesis
Target Preparation

First of all, the target for reactive sputtering was done by mixing ultra pure
metallic powder of Cu (99.999%) and Al (99.999%) with 1:1 atomic ratio thor-
oughly for 1.5h. The mixture was then pressed within a grooved aluminum
holder with appropriate hydrostatic pressure to form the required target. Neg-
ative terminal of the DC power supply was connected to the target and the
substrates (Si and glass) were placed on the grounded electrode.

Film Deposition

Prior to the deposition, the chamber was evacuated by standard rotary and
diffusion pumping arrangements to a base pressure of 10~%mbar. Subse-
quently, the chamber was flushed with Ar several times and then the target was
presputtered at 0.05 mbar in Ar atmosphere for 10 min to remove the contami-
nations, if any, present on the target surface. The target-to-substrate distance
was kept at 1.8cm whereas the sputtering voltage was 1.0kV, with a cur-
rent density around 12mA c¢m™2. During deposition, a mixture of Ar and O
was used as the sputtering gases (with 3:2 vol. ratio, respectively, controlled
by mass-flow meters) and the sputtering pressure was kept at 0.2mbar. The
substrate was kept at an elevated temperature of 475 K. The details of the
deposition procedure were reported elsewhere [163]. After every 2h of depo-
sition, the films were postannealed in the same vacuum chamber at 493 K for
1h (at pressure 0.2 mbar) maintaining the oxygen flow. For this, the Ar flow
was turned off and a corresponding proportional increase in the O flow was
manifested to keep the chamber pressure to a constant value of 0.2 mbar. The
average film-deposition rate on Si substrate was 0.45 A s~! where that for
glass substrate was 0.34 A s~!. Therefore for a deposition time of 4h, the film
thickness on Si substrate was around 650 nm and that on glass substrate was
500 nm, respectively.

Characterization

The deposited thin films were characterized by X-ray diffraction (XRD,
Philips PW 1730/PW 1710, by CuKa line) to study the structural prop-
erties. UV-Vis-NIR spectrophotometer (Shimadzu-UV-3101-PC) was used to
determine the optical properties. It is a double beam spectrophotometer with
integrating sphere attachment for reflectance measurement within the wave-
length range of 190-2,600 nm. The attachment is mainly used for measurement
of both transmittance and diffuse/specular reflectance of the films. The inte-
grating sphere equipped with photomultiplier (UV-Vis region) and PbS cell
(NIR region) detectors. Both the optical transmission and reflection spectra
of the films deposited on glass substrates were recorded taking similar glass
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as reference, and hence the spectrum gives transmittance and reflectance of
the films only. Thermoelectric power and Hall effect studies were used to
determine the type of conduction taking place within the deposited films. For
thermoelectric power measurement (temperature variation of Seebeck coeffi-
cient), a temperature gradient across the sample was created by keeping one
end of the film in a hot-head and the other in a cold-head. The hot-head tem-
perature was varied from room temperature to 460 K, whereas the cold-head
was kept at room temperature. And these temperatures of the hot and cold
ends of the film were measured by proper thermocouple arrangements. The
thermo-emfs generated between the hot and cold ends of the sample, at differ-
ent hot-end temperatures, were used to determine the Seebeck coefficients (.5)
of the material. The entire system was kept under vacuum condition. For Hall
study, we have used van der Pauw method, with rectangular van der Pauw
configuration. The electrical connections were made at the four corners of
the sample. For the measurement of Hall voltage and related parameters, an
electromagnet (Polytronic Corporation) with 4in. pole pieces was used along
with a stabilized power supply (current range 0-6 A, voltage range 0-100V)
to monitor the field strength. The distance between the pole pieces could be
varied and for a separation of 3.0 cm of pole pieces, the field strength could
be adjusted to a maximum of 10kG. The field within the measuring system
was determined by using Differential Gaussmeter. The sheet resistance and
temperature dependence of electrical conductivity of the films were studied
by linear four-probe method using Kiethley electrometer (Model — 6514) from
300 to 550 K. All the contacts were made with silver paint, which showed
linear I-V characteristic over a wide range of applied voltage.

12.6.3 Results and Discussion
Structural Properties

Figure 12.40 shows the XRD spectrum of the film deposited on Si substrate
with background correction. It shows a strong (006) orientation. Previous
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Fig. 12.40. XRD pattern of the reactive DC sputtered CuAlQO; thin film
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Table 12.13. Crystal data for CuAlO, [108,114,117,207]

System — rhombohedral

Space group — R3m (D3q)

a=288A=10, c=16.958 A

a=281°=4

Cu—0=1.86 4, Al-0=191 A, Cu—Cu=2.86 A

Table 12.14. Comparison between the JCPDS d values [207] and observed d values
of reactive sputtered CuAlOz thin films

hkl dJCPDS dreactive
(A) (A)
003 5.61 5.67
006 2.82 2.79
101 2.44 2.48
012 2.376 2.374
104 2.133 2.111
107 1.732 -
018 1.612 1.618

workers [124,138] also obtained similar orientation for CuAlO, films deposited
by PLD method on sapphire substrate. We have also observed strong (006) ori-
entation in our previously reported DC sputtered CuAlQO, thin films deposited
on Si substrates [143]. Along with the above peak, other peaks were also
observed in the XRD spectrum which could be assigned for (003), (101),
(012), (104), and (018) reflections of crystalline CuAlOs. Also no peaks corre-
sponding to starting materials, e.g., Cu and Al metal powders as well as their
oxides, were found in the pattern. This conclusively indicated that the reac-
tants were properly mixed to give the proper phase of the copper aluminum
oxide and no residual metal oxides remained in the film. As far as other
previously reported reactive sputtered-deposited copper aluminum oxide thin
films are concerned, most of the reports indicate phase impure films, which
contain a mixture of CuAlOy, CuyO, CuAly0y4, and CuO [158,161,162,165].
Table 12.13 gives various crystal data of CuAlOs and Table 12.14 compares
experimentally obtained d values of reactive sputtered CuAlO5 thin film with
JCPDS value [207].

The information on particle size of very small crystallites from the mea-
sured full-widths-at-half-maximum (FWHM) of the diffraction peaks can be
estimated from the well-known Scherrer formula [208]

T
L=—— 12.
B1cosf’ (12.3)

where L is the particle size, (; is the particle broadening of diffraction peaks
measured at FWHM of the peak at a certain 20 value, x is a correction factor
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(=0.9), and A is the wavelength of the X-ray used. It is to be mentioned here
that, when the size of the individual crystallites in a polycrystalline sample is
less than 100 nm, the term “particle size” is usually used [208].

In polycrystalline thin films, due to the interaction between grains of the
films as well as that with the substrate, a single grain in the polycrystalline
thin film is not free to deform in the same way as an isolated crystal would,
if subjected to the same deforming force. As a result of this restraint by its
neighbors, a deformed grain in a polycrystalline aggregate is usually in a
state of tension or compression. Thus an “internal stress” or “residual stress”
is generated within the films. This residual stress produces uniform or nonuni-
form strain within the film. If the grains are subjected to a uniform tensile
strain at right angles to the X-ray reflecting planes, corresponding diffraction
peaks shift to the lower angles but do not change otherwise. Similarly for
uniform compressive strain, the diffraction peaks shift to the higher angles
with no change otherwise. On the other hand, if the strain is nonuniform
then the diffraction peak will be broadened, which is called “strain broad-
ening” [208]. The relation between this broadening and the strain can be
obtained by differentiating the Bragg’s law as follows [208]

2Adsin 6 + 2d cosAO = 0,

Ad
:>A9:—7t3ua6‘7 (12.4)

= A(20) = —2ctand, [Ad/d = €],
= Af = —2ctanf, [ = 26],

where Af is the extra broadening of the diffraction peaks over and above
the instrumental breadth (therefore also called “instrumental broadening”),
€ is the strain generated within the films, and 6 is the Bragg angle. Now
the above equation contains both tensile and compressive strain and must be
divided by two to obtain maximum tensile strain alone or maximum com-
pressive strain alone, if these two are assumed equal. Hence, the equation for
strain broadening for only one type of strain will be

Af = —etané. (12.5)

Now if both the effect of “particle-size broadening” and “strain broadening”
is taken into consideration, then the total broadening (3) can be expressed as
a linear combination of (12.3) and (12.5) as follows [208]

B =01+ |AB = +ctanf
L cos0 (12.6)
ﬂcos@_l_ﬁ_ssin@ '
AN L A

where 3 is the FWHM of the observed peaks, L is the effective particle size,
and ¢ is the effective strain. A plot of 8 cosf/X vs. sin @/ will be a straight



12 Reactive Sputtered Wide-Bandgap p-Type Semiconducting 461

0.20
0.15 ~
0.10 ~

0.05

B Cosb /L

0.00 -

—-0.05

-0.10 ~

_015 T T T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30
Sino /A

Fig. 12.41. Determination of strain and particle size of CuAlO2 film deposited by
reactive sputtering

line, slope of which will give the estimation of the effective strain, whereas
the intercept on [ cosf/A-axis will carry the information of the effective
particle size.

Figure 12.41 represents the plot of 5 cosf/A vs. sinf/\, obtained from
the XRD pattern of the CuAlO» thin film deposited by reactive sputtering on
Si substrate (shown in Fig. 12.40). Slope of the graph depicts the strain value
as 2.70 x 102 and the intercept on y-axis gives the particle size as ~32nm.

Compositional Analyses

Composition analyses were done by A Leica S-440 Oxford ISIS Energy Dis-
persive X-Ray (EDX) instrument. The instrument has the capability to
detect elements from Boron (5) to Uranium (92) with less than 5% accu-
racy. In reactive DC sputtering method, films were postannealed for 60 min
in oxygen atmosphere and the composition of the film was in the ratio of
Cw:AL:O = 1:1:2.08. Therefore, the chemical formula of the films may be writ-
ten as CuAlOg s. This means that the percentage of excess oxygen in the
reactive sputtered films is around 4 at.%. It has been observed that the per-
centage of excess oxygen within the reactive sputtered films is close to that of
DC sputtered films with ¢, = 90 min [144].
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Fig. 12.42. UV-Vis—NIR spectra of reactive DC sputtered CuAlO2 thin film

UV—Vis—NIR Measurements

Optical properties of CuAlO, thin films are extremely important because
of its possible applications in the field of optoelectronics technology. High
transparency coupled with high conductivity is the main feature for TCOs as
mentioned earlier. Therefore, detailed optical characterization and determi-
nation of related parameters are the most significant part of the analyses of
TCOs. Following this point of view, we have studied the optical properties of
reactive sputtered CuAlQOs thin films in details. The films were deposited on
glass substrates and the film thicknesses were measured around 500 nm from
cross-sectional SEM (not shown here). Figure 12.42 shows the UV-Vis-NIR
spectra of reactive DC sputtered CuAlO; thin film in the wavelength range of
300-1,500nm. These films were postannealed for 60 min. The average visible
transmittance of the film is found to be ~85-90%.

Now, we have critically analyzed the variations of transmittance (7") and

reflectance (R) in terms of absorption coefficients («) to derive information
on the optical transitions occurring in these films. The transmittance (T),
reflectance (R), and absorption coefficient («) of a specimen are related by
the equation [209]
(1 _ R)Zefozd
1— R2e—2ad )
where d is the film thickness and here the multiple internal reflections within
the film are considered. Now at the region of fundamental absorption, o will be
quite high, so also ad. So we can neglect the second term of the denominator
of (12.7) and rewrite it as [209,210]

T = (12.7)

T~ (1— R)%e (12.8)



12 Reactive Sputtered Wide-Bandgap p-Type Semiconducting 463

Film

\>
IR \

Io(1-R)e—od

< >
< d >

Fig. 12.43. Incident (I,), reflected (I,R), and transmitted [I,(1 — R)e™%] rays in
a thin film of thickness d. Multiple internal reflections are neglected

Knowing T, R, and d, absorption coefficients can be determined. If R is not
known, then from transmittance data of two samples of known thicknesses d;
and dz, « can be obtained from the relation [209]

5 (d2—d1)
— ~e” . 12.9
T (12.9)
Beyond the absorption edge if one can observe the interference effect in the
transmittance and reflectance spectra due to the multiple internal reflections
within the film, then it will be possible to find the refractive index (n) of the
material by measuring the wavelengths (A\; and \2) at two adjacent maxima.
The expression will be [209]
A1 A2
n= ——. 12.10

|A1 _ )\2| ( )
Now, according to the schematic diagram shown in Fig. 12.43, in the spectral
region of fundamental absorption, as a first approximation, T, R, and « will
be related by the following equation [211] (here, we have neglected the internal
multiple reflections for TCOs, unlike (12.7) and (12.8))

T~ (1—-R)e (12.11)
and ( 12 g
n— +
TRy (12.12)

where n is the refractive index and k is the extinction coefficient, which is
related to the wavelength (A) and absorption coefficient () by the following
equation:
g2
47
Now, for transparent medium (as in our p-CuAlOs films), k% < (n — 1)? and
(12.12) will be reduced to

(12.13)
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Fig. 12.44. Energy dependence of absorption coefficients
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Fig. 12.45. Spectral variation of extinction coefficients and refractive indices of
reactive sputtered CuAlOs film

1+
p= LFV2E (12.14)
1-VR
and the absorption coefficients («) can be calculated by rewriting (12.11) as
1 1-R

The spectral variations of «, n, and k are shown in Figs. 12.44 and 12.45.
It has been observed that the refractive index varies between 1.2 and 1.3 in
the wavelength range of 300-1,300nm. Although there are no reported data
on the refractive indices of CuAlQOs thin film, but these data are reasonable
when compared with other TCOs such as ITO (1.75-2.0 in the wavelength
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range of 400-1,200nm [212]) and CdO (1.31-2.84 in the wavelength range of
500-2,500nm [213]).

In the range of the onset of absorption edge, the absorption coefficients
() can be described by the relation for parabolic bands, i.e., [209,210]

(ahv)Y™ = A(hv — Ey), (12.16)

where FE, is the bandgap of the material, the exponent n depends on the
type of transition. For direct allowed transition, n = 1/2; for indirect allowed
transition, n = 2; and for direct forbidden transition, n = 3/2.

The factor A also depends on the type of transition.

For direct allowed transition,

e (25mim )3/ ?

* *
A my +me
~

)

nch?m}
for direct forbidden transition,

2 (mpm |/
46 mi+mp

)

~ 3 nch?mim;hy
and for indirect allowed transition,

(mimg)*?

7ih8
where n is the refractive index of the material, m; and m} are the effective
masses of holes and electrons, respectively) [214].

To determine the possible transitions, (ahv)Y/™ vs. hv were plotted for
different values of n. The (ahv)? vs. hv and (ahv)'/? vs. hv plots for reactive
sputtered-deposited CuAlOs thin film are shown in Fig. 12.46. Extrapolating
the linear portion of the graphs to the hr-axis, we have obtained the direct
and indirect bandgaps as ~3.90 and 1.89eV, respectively. These values are
comparable to those reported previously by Kawazoe et al. (3.5eV) [100] and
Yanagi et al. (3.5 and 1.8eV) [116] for their pulsed laser-deposited CuAlOq
thin films and also fall in the range theoretically calculated by Robertson et al.
(3.91 and 2.1eV) [117]. Also Stauber et al. [138] obtained the direct bandgap
of their RF sputter-deposited CuAlOs thin film around 3.5eV, whereas Wang
and Gong [150,151] reported the direct bandgap of their plasma-enhanced
chemical vapor-deposited (PECVD) copper aluminum oxide films around 3.6—
3.75eV. As far as the bandgap values of reactive sputtered copper aluminum
oxide films synthesized by other groups are concerned, Ong and Gong [158]
reported these values around 2.9-3.3eV, Yang et al. [139] around 3.81eV,
Reddy and coauthors [165] around 3.54 eV, and Tsuboi et al. [161,162] around
3.5eV. These values are slightly less than that of our value, which is mainly
because of their phase impure films, which contain some amount of CuO,
Cu0, and/or CuAlyO4 phases within the copper aluminum oxide samples.

A x
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Fig. 12.46. Determination of bandgaps of reactive sputtered CuAlO» film
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Fig. 12.47. Verification of ohmic nature of the contacts

Electrical Properties

Electrical properties of CuAlOs thin films have been studied by standard four-
probe methods. All electrical contacts were made by silver paint, which showed
linear I-V characteristics over a wide range of voltages and temperatures.
Figure 12.47 shows I-V characteristics of one contact at room temperature
indicating ohmic nature of it over the voltage range up to 150 V.

The thermally activated conduction of a semiconductor can be given by
the relation [135]
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Fig. 12.48. Temperature variation of conductivity of reactive sputtered CuAlO2
thin film

Ea
0 = 0, €xp [_ﬁ] ; (12.17)

where o is a temperature-independent factor and F, is the activation energy
of the material. For p-type semiconductor (as in our p-CuAlOs sample), this
is the energy difference between the acceptor level and the top of the valence
band. Therefore, a plot of In ¢ vs. 1/T should be a straight line whose slope
would carry the information of the activation energy of the material. Tem-
perature variation of the conductivity of reactive sputtered CuAlOs thin film
has been studied in the temperature range of 300-550 K according to (12.17)
and shown in Fig. 12.48. The film thickness was ~500 nm obtained from cross-
sectional SEM (not shown here). The temperature variation of conductivity of
the CuAlO; thin films was studied below the room temperature by previous
authors [100,116], but no study on high-temperature conduction was reported.
The straight line nature of the Arrhenius plot indicates the thermally activated
conduction as often found in semiconductors. Room temperature conductivity
(orT) of the film was obtained as 0.22S cm ™', which is comparable to that
obtained by DC sputtered films postannealed for 60 min [143]. From the slope
of the graph, we get the value of activation energy (F,) which corresponds to
the minimum energy required to transfer carriers from acceptor level to the
valence band and the value of E, comes out as 250 meV, which is comparable
to that of DC sputtered films postannealed for 60 min [57]. For other reactive
sputtered CuAlO, films, Rao et al. [165] obtained orr around 0.36S cm ™.
On the other hand, Tsuboi et al. [161,162] reported the resistivity of their
reactive cosputtered Cu—Al—O thin film around 10-10%  cm.
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Hall measurements of our reactive sputtered films were done at room
temperature. Hall coefficient of the film was determined to be Ry =
14.1cm™3 C~!, corresponding to carrier density 4.4 x 107 cm™3. Positive
value of Hall coefficient confirmed the p-type conductivity of the film. The
carrier concentration of this film is comparable to that of DC sputtered
film postannealed for 60min [57]. As far as conductivities of previously
reported reactive sputtered copper aluminum oxide films are concerned, Rao
and coauthors [165] obtained the Hall mobility and hole concentration as

13.1cm? V7 'S~! and 1.5 x 1017 em~3, respectively.

Thermoelectric Properties

Thermoelectric properties of reactive sputtered CuAlO, thin films have been
studied for films deposited on glass substrates. The measurements were done
from room temperature (300 K) to 550 K. Figure 12.49 shows the temperature
dependence of Seebeck coefficients (S) of the film. All the Seebeck coeffi-
cients are positive in nature, which again confirmed p-type nature of the
films. Room temperature Seebeck coefficient (Sgr) of the film was obtained
as +115uV K1, As shown in the Fig. 12.49, the Seebeck coefficients ini-
tially decrease from room temperature to around 370K and then increase
to almost +520uV K~!, for further increase in temperature. Previously,
Kawazoe et al. [100] and Yanagi et al. [116] obtained the room tempera-
ture Seebeck coefficients for their pulsed laser-deposited CuAlQO, thin film
as +183 and +214 uV K™, respectively, which is comparable to our values.
On the other hand, Koumoto et al. [60] determined the Seebeck coefficient
of CuAlO; single crystal as well as polycrystal at 600 K around 4180 and
+150uV K1, respectively. Also Benko and Koffyberg [107] reported a rela-
tively high value of Sgr (670 uV K~') of CuAlOy powdered pellets. As far as
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Fig. 12.49. Seebeck coefficient vs. 1,000/T of reactive sputtered CuAlO; thin films
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reactive sputtered p-CuAlQO, thin films are concerned, nobody has mentioned
about the Seebeck coefficient of those films, but various groups have reported
enhanced thermoelectric properties of CuAlOy as well as similar delafossite
materials [80-83] synthesized by various other techniques, which indicate that
this type of material may become very good alternative to the commercially
available thermoelectric converters.

It has been observed that, in our reactive sputter-deposited CuAlO,
thin film, Sgr increases with the increase in conductivity of the films. This
observation is consistent with the Hicks model [215,216], where the natural
superlattice structure was proposed to show high thermoelectric figure of merit
(ZT) due to increase in both S and o according to the following equation

B S26T
Tk

ZT

, (12.18)

where o is the electrical conductivity, « is the thermal conductivity, and S is
the Seebeck coefficient.

To achieve high ZT, increase in S and/or o and decrease in k are required.
But for simple materials, increase in S leads to a decrease in o. Similarly,
an increase in o is followed by an increase in k according to Wiedemann—
Franz law. So ZT effectively remains more or less constant. To increase Z,
various models have been proposed in the last decade. Amongst them, the
most exciting proposal by Hicks et al. [215,216] was superlattice quantum-well
materials, having an effective two-dimensional density of states for carriers.
This density of state is given by m/mh?a, where m is the carrier mass and a
is the quantum-well width. These authors assumed infinite potential barrier
with zero barrier width and showed a considerable increase in Z. Later, Lin-
Chung and Reinecke [217] and Broido and Reinecke [218] included the effects
of thermal transport in the finite barrier layers and carrier tunneling between
layers in the above model to get a modified Z. Encouraged by these findings,
various new materials, having layered structure, have been investigated in the
last few years, which include NaCo,0, [219], (Zn0O)5In, O, [220], PACoO [58],
CuAlO; [59,60], etc.

Structure of CuAlO9 delafossite has been shown in Fig. 12.2 and described
in details in previous sections. This structure suggests that CuAlOs has a lay-
ered structure where carriers can easily move two dimensionally along ab-plane
than to move across the Al—O insulating layers (described in Fig. 12.50). In
the XRD pattern of our CuAlOy thin film (shown in Fig. 12.40), we have
obtained a strong (006) peak, which is typical of a texture where the c-
axis is perpendicular to the substrate (hence parallel to the normal, n to
the substrate, i.e., ¢ | n). Now, according to our experimental setup (as
described earlier), carriers in the films are expected to move along the ab-
plane. Hence, the above argument of two-dimensional confinement of carriers
along the ab-plane is valid for our films. Although the reason behind the
enhanced thermoelectric properties shown by the materials possessing layered
structure is still not fully understood, but Koumoto et al. [60] suggested that
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Fig. 12.50. Layered structure of CuAlO2 showing the carriers confined in the ab-
plane

this may be correlated with the low dimensionality of the crystal structure and
behavior of electrons and phonons in an anisotropic structural environment.
Recently, Wang et al. [221] suggested that spin entropy might be responsi-
ble for enhanced thermopower in Na,Co20, having layered structure [219].
Whether this can be correlated with the good thermoelectric properties of
CuAlQs; is a question and intense research is needed in this direction.

The variation of thermoelectric power (S) with temperature is given

by [222]

k AE;

=— A+ — 12.1
g=t ( +oF ) (12.19)

with 5

A=2-s (12.20)
and

T =167, (12.21)

where k is the Boltzmann constant, e is the electronic charge, AFf is the
energy difference between Fermi level and the upper edge of the valence band,
7 is the relaxation time for electron scattering, s is a constant, which is dif-
ferent for different scattering mechanism, and 7, is a constant, which is a
function of temperature but independent of the electronic charge, e.
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From (12.19), we can obtain the Fermi level (E¥), from the slope of the
S vs. 1/T graph. From Fig. 12.49, we have determined the Fermi energy
from the linear portion of the graphs near room temperature, and the value
obtained as 100 meV. Previously, Benko and Koffyberg [107] have determined
the Fermi energy of CuAlOy powder (o = 1.69 x 1073 S em™ ') from the ther-
mopower measurement, as 190 meV, which is slightly higher to our sample.
This is mainly because we have measured the thermopower of the material
as thin film form, whereas they had done their measurements on polycrys-
tal pellets. As previously mentioned, from the slope of the In ¢ vs. 1,000/T
plots (Fig. 12.48), we have obtained the activation energy (F, = 250 meV)
value of our sample, which gives the estimation of acceptor levels. Com-
paring this value with the Fermi energy of the material, we can say that,
according to the band picture, Fermi level lies between the upper edge of
the valence band and the acceptor level, which is typical of a nondegener-
ate p-type semiconducting material with acceptors not fully ionized. Hence
a continuous increase in conductivity with temperature was observed for our
sample. The values of various optical, electrical, and thermoelectric parame-
ters of the reactive sputtered CuAlOs thin films are furnished in Table 12.15.
Figure 12.51 represents the temperature dependence of thermoelectric power
factor (052) of CuAlO, thin film for the temperature range of 300-460K.
The values range from 3.09 x 107 W m~! K~2 at temperature around 300 K
to 5.5 x 107°W m™" K2 around 460 K. Previously, Koumoto et al. [60]
obtained these values roughly as 1.12x 107> W m™~' K2 at 550 K for CuAlO,
single crystal and 7.1 x 1079W m™' K~2 at 700K for CuAlOy polycrys-
tal. Also Park et al. [59] obtained the power factor for CuAlOg ceramic as
2 x 107°W m K2 at 550K. These values are comparable to the values
reported by us. Also, recently Kurotori and Sugihara [223] reported signifi-
cant increase in the thermoelectric properties of CuAlOy, when doped with
Zn and Ca. All these reports suggest that this class of material may become
very good candidate of thermoelectric converter, and may bring renaissance
in the thermopower industry.

In summary, highly transparent, p-type semiconducting CuAlOs thin films
have been synthesized by reactive sputtering technique. The film with thick-
ness ~500nm shows almost 80-85% visible transmittance with 0.22S cm™*
room temperature conductivity. Hall measurements confirmed p-type con-
ductivity with a hole concentration ~4.4 x 107 cm™3. These results indicate
that reactive sputtering can become a very good, cost-effective, large-scale
synthesis procedure to fabricate p-TCO films with enhanced electro-optical
properties for potential applications in “Invisible Electronics” as well as in
other diverse device technologies. The film also showed very good thermoelec-
tric properties indicating its possible use in thermoelectric industries.



Table 12.15. Different thermoelectric properties of reactive sputtered p-CuAlO2 thin film

Thickness Average Ey-direct Es-indirect ORT FE. n Ry SRT FEr
(nm) visible (eV) (eV) (Scm™h) (meV) (cm™?) (em™ C™Y) (VK1) (meV)
transparency
(%)
500 80-85 3.90 1.89 0.22 250 4.4 x 1017 14.1 +115 100
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Fig. 12.51. Thermoelectric power factor vs. temperature of reactive sputtered
CuAlO; thin films

12.7 Conclusions and Future Directions

12.7.1 Conclusions

Reactive sputtering technique has become one of the interesting and widely
used deposition techniques to fabricate binary, ternary, and quaternary metal
oxide thin films which are having many useful applications in optoelectronics
as well as in various other technological fields. Being a cost-effective procedure,
this thin film-deposition process has the capability of large-scale production
in diverse industrial applications. In this chapter, we have briefly discussed
various aspects of reactive sputtering technique and its applications in the field
of p-TCO thin films, especially spinel, AB2O,, and delafossite, and ABO4 thin
films, which are having tremendous applications in “Transparent” or “Invisible
Electronics.”

Spinel- and delafossite-structured, transparent, p-type semiconducting
oxide (p-TCO) materials are recently gained renewed interest in the field
of optoelectronics technology for the possible fabrication of all-transparent
junctional devices which can be used as a “functional” window that would
transmit the visible portion of the solar spectrum but absorb the ultraviolet
part of it to generate electricity. Here we have reviewed in details the recent
developments in the spinel- and delafossite-structured p-TCO materials. Var-
ious deposition techniques used to synthesize these types of materials are
discussed and especially different reactive sputtering techniques used to syn-
thesize spinel and delafossite p-TCO films are compared in details. It has been
observed that the reactive sputtering of elemental targets in oxygen-diluted
argon atmosphere produced dense sputtering plasma, leading to uniform and
good quality films.
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Also, the origin of the p-type conductivity in these spinel and delafossite
oxide films is discussed in details. Nature of the cationic species, crystal struc-
ture of the material, and nonstoichiometry are found to be playing important
roles in the hole conductivity of these materials. Metal deficit or excess oxy-
gen within the material is found to increase the p-type conductivity of these
materials. Postdeposition oxygen annealing of the films as well as excess oxy-
gen atmosphere during film deposition are found to be responsible for the
presence of those nonstoichiometric excess oxygen within the films.

Finally, a detailed discussion on the synthesis and characterization of
polycrystalline, p-type semiconducting, transparent, delafossite, and wide-
bandgap CuAlO, thin films by reactive DC sputtering technique has been
presented. CuAlOs, being the first reported p-TCO in thin film form, found
to be one of the very important materials in the field of “Transparent
Electronics.” The films were deposited by reactive sputtering of a target
pellet composed of Cu + Al (1:1 atomic ratio) metal powders in Ar + Oq
(3:2 vol. ratio) atmosphere under elevated substrate temperature. XRD spec-
trum confirms the polycrystalline nature of the films with small grain size
(~32nm). The deposited films were highly transparent in the visible region
with direct and indirect bandgap values of 3.90 and 1.89eV, respectively.
p-Type conductivity was confirmed from both thermoelectric power and Hall
effect measurements. Reactive sputtered-deposited transparent p-type semi-
conducting CuAlOs thin film showed fairly high conductivity with maximum
room temperature conductivity in the range of 0.22 S em ™! and a carrier con-
centration ~4.4 x 1017 ecm 3. Also the activation energy of the film is found
to be 250meV. Compositional analyses reveal the presence of excess oxy-
gen within the film with a chemical formula CuAlOs s. FT-IR spectra of
the films indicated the existence of various bondings among Cu, Al, and
oxygen. Thermopower measurements indicate that CuAlOs may become a
candidate material for thermoelectric conversion. CuAlOs has a natural super-
lattice structure, with an effective two-dimensional density of states (along
ab-plane). This type of layered-structure material could become a good ther-
moelectric material. Room temperature Seebeck coefficients (Srr) are found
to be +115n V K~! with Ef = 100meV. An increase in Sgr with ogr is
observed, which is expected for superlattice materials. The cost-effective fab-
rication of this technologically important material is extremely important for
the large-scale production of device quality films. Low-cost physical routes
like reactive sputtering technique will enable fabrication of high-quality films
for diverse device applications.

12.7.2 Future Directions

First and foremost future course of the research will be to increase the conduc-
tivity of these p-TCO materials. The maximum conductivity of our p-TCO
films with spinel and delafossite structure is almost two orders of magnitude
less than that of commercially available n-TCO films. So this may put hin-
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drance in the formation of effective active devices for large-scale production. It
is found that nonstoichiometric oxygen intercalation within the material has
its limitation to increase the conductivity of the film. Excess oxygen interca-
lation, beyond an optimum value, is found to deteriorate the film quality. So
intentional doping of the material is the obvious step to increase the conduc-
tivity of the film. Identification of proper dopant and doping procedure should
be the focus of the future work to deposit superior device quality films for the
development of “Transparent Electronics.”

Another interesting area of research is the cost-effective fabrication of
transparent junctions, without compromising its electro-optical properties.
This is important for the large-scale production of various junctional devices
with diverse applications. Several groups have used various cost-effective
physical and chemical routes for fabrication of transparent junctions, but
future work should be aimed to improve the optoelectrical properties of these
transparent junctions.

Another area of research, which is not yet explored completely, but has
tremendous potential, is the thermoelectric properties of delafossite materials.
Being a layered-structured material, delafossite films can become very good
candidate for thermoelectric converters. If proper studies can be done on the
thermoelectric properties of these types of superlattice materials, new horizon
may open up in the field of thermoelectric converters.

Also keeping an eye in the tremendous progress in nanotechnology, fabri-
cation and characterization of nanostructured p-TCO thin films may become
an important field of work, because of new and interesting properties exhib-
ited by these nanomaterials. Proper fabrication procedure to get reproducible
nanomaterials is the most important future work. Also, in-depth studies of the
photoluminescence properties of p-TCO nanoparticles will be another area of
research, which is needed to be explored properly. Fabrication of nanostruc-
tured p-TCOs, coupled with the already existing and well-known materials
of nanostructured n-TCOs, will give an added impetus in the field of “Invis-
ible Electronics” for the fabrication of nanoactive devices, which can have
high-efficient applications in the optoelectronic device technology.

Field-emission property of CuAlO; (as well as similar wide-bandgap TCO
materials) thin films is a completely new area of research, which has tremen-
dous opportunities. This material showed very low turn-on field comparable
to most of the carbonaceous low-threshold field emitters like CNT, DLC,
diamond, a:C, SiC nanorods, etc. So these types of wide-bandgap TCO mate-
rials may become promising alternative to the existing materials in the field
of FED technology. But, proper emission mechanism in these materials is not
very clear till date and very good scopes are there to properly investigate the
emission mechanism so that the material properties can be tuned accordingly
to get better field-emission properties of these films.

Also, recent study showed that p-CuAlOs can become a good candidate
for ozone sensors. Zheng et al. [64] reported that CuAlO4 has a selective and
reversible response to ozone gas at room temperature. All existing commercial
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semiconductor ozone sensors are of n-type [224-226]. This study demonstrated
the feasibility of developing an inexpensive p-type transparent ozone sensor.
Hence, transparent p—n junction ozone sensors may be fabricated using the
p-CuAlO; and existing n-TCO such as InyO5.

Photocatalytic hydrogen evolution over delafossite CuAlOs is another
interesting report published recently by Koriche et al. [65]. This group pro-
posed a new photochemical system for water reduction based on p-CuAlO,
and S?~ as hole scavenger. They have used coprecipitation method, a new
synthetic route, to synthesis CuAlO2, which increased the surface to volume
ratio and delivered a highest Hs production. This report is very interesting
and shows newer applications of delafossite p-CuAlOs material.

Also, recently Kizaki et al. [66] proposed a material designing procedure
to get CuAlOs-based dilute magnetic semiconductors. Ab initio calculations
showed that Fe- and Mn-doped CuAlOs-based dilute magnetic semiconductors
possess high-Curie-temperature ferromagnetic characteristics. Being a natu-
ral p-type transparent semiconductor without intentional doping, CuAlOs
can easily be used for the host of dilute magnetic semiconductors. Also,
most importantly, the delafossite structure of CuAlO, has the advantage
of possessing two cation sites, Cu™ and A3 sites, for possible magnetic
ion substitution. O—Cu—0O dumbbell sites in delafossite CuAlO5 can be par-
tially replaced with magnetic ions. Due to this coordination, one can realize
new ferromagnetic dilute magnetic semiconductors from the standpoint of
the hybridization of orbitals between 3d orbitals with the impurities and 2p
orbitals with the oxygen in CuAlOs,.

Regarding spinel p-TCO films, NiCo,0, shows very good electrocatalytic
behavior in many electrochemical processes such as hydrogen evolution, oxy-
gen evolution, organic electrosynthesis, ete. [227,228]. On the other hand,
Reddy et al. [229] reported that nickel ferrite (NiFe2O,), a p-type semi-
conducting oxide with an inverse spinel structure, could be used as a gas
sensor to selectively detect chlorine in air. Also recently, Saadi et al. [230]
reported the photoassisted hydrogen evolution of p-type spinel CuM04 (M =
Al/Cr/Fe/Mn/Co), indicating newer applications of these types of materials.

Therefore, it will not be an exaggeration to say that next decade will
see the renaissance of spinel and delafossite, wide bandgap, p-TCO materials
and various new, interesting and novel technological applications with these
materials are on the verge of exploration.
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