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Abstract

Copper based delafossite transparent semiconducting oxide thin films have recently
gained tremendous interest in the field of optoelectronic technology, after the discovery of p-
type conductivity in a transparent thin film of copper aluminum oxide (CuAlQO,). Most of the
well-known and widely used transparent conducting oxide thin films such as ZnO, SnO,, ITO
etc. and their doped versions are n-type material, but corresponding p-type transparent
conducting oxides were surprisingly missing for a long time until the fabrication of above-
mentioned p-CuAlO, thin film have been published (Nature 1997, 389, 939). This has opened
up a new field in opto-electronics device technology, the so-called “Transparent Electronics”,
where a combination of the two types of transparent conducting oxides 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 of it. Non-stoichiometric and doped
versions of various new types of p-type transparent conducting oxides with improved optical
and electrical properties have been synthesized in the last few years in this direction. Wide
range of deposition techniques have been adopted to prepare the films. But fabrication of
device quality films by cost-effective deposition techniques such as sputtering, chemical vapor
deposition, wet-chemical dip-coating technique etc. are the need of the hour for large-scale
production of these films for diverse device applications. Here we have discussed the
fabrication and opto-electrical characterization of p-CuAlO,., thin films by cost-effective and
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scaleable deposition routes such as sputtering and wet-chemical dip-coating technique. We
have also discussed briefly some of the new developments in the field of p-type transparent
conducting oxide thin film technology and an up-to-date and comprehensive description of
different Cu-based p-type transparent conducting oxide thin films is presented. Also the
origin of p-type conductivity in these transparent oxides has been dealt with considerable
attention. Fabrication of all-transparent junctions is also discussed which is most important in
the development of ‘Transparent Electronics’. Field emission properties of thin films are
currently of much interest due to the potential application in field emission displays (FEDs),
which are considered to be strong candidate for low-power panel applications. The low-
threshold field emission properties of wide-bandgap CuAlQ, thin films have been investigated
for its potential applications in FED technology. The films showed considerable low turn-on
field. This finding might open up a new direction in the field emission technology, and a new
group of materials (such as, different transparent conducting oxides) might become a
promising candidate for low-threshold field emitter. Also, recently, the research on
nanostructured materials generates great interest in the scientific community and offers
tremendous opportunities in the field of science and technology. Here, we have also discussed
in brief, the formation of nanocrystalline p-CuAlO, films, which may open up an extremely
important and interesting field of research for the fabrication of all-transparent nano-active
devices. This will not only give a new dimension in the field of ‘Transparent Electronics’, but
new avenues may open up in the nanoparticle research keeping an eye on its tremendous
applications in optoelectronics technology.

1. Introduction

In the last century, scientists have made rapid and significant advances in the field of
semiconductor physics. Semiconducting materials have been the subjects of great interest due
to their numerous practical applications and also they provide fundamental insights into the
electronic processes involved. Thus material processing has similarly become an increasingly
important research field. Many new materials and devices, which possess specific properties
for special purposes, have now become available, but material limitations are often the major
deterrent to the achievement of new technological advances. Material scientists are now
particularly interested in developing materials which maintain their required properties in
extreme environment. In general it is the aim of the material scientists to find ways of
improving qualities and increasing productivity, whilst reducing the manufacturing cost.

One of the most important fields of interest in materials science is the fundamental
aspects and applications of semiconducting transparent films, which are more popularly
known as “Transparent Conducting Oxides” (TCO) in opto-electronic device technology. The
characteristics of such films are high room-temperature electrical conductivity (~ 10° S cm’
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 opto-electronics industries as well as in research
fields. After the first report of transparent conducting cadmium oxide (CdO) thin film by
Badekar [1] in 1907, extensive works have been done in the field of TCO technology to
prepare new types of TCOs with wide ranging applications [2 — 12]. Some of these well-
known and widely used TCOs include In,O3: Sn/F/Sb/Pb, ZnO: In/Al/F/B/Ga, Cd;SnOy,
SnO,: Sb/F etc. as well as some new TCOs such as CdIn,O4: Sn, CdSb,04: Y, GalnOs:
Ge/Sn, AgInO,: Sn, MgIn,04, InysSn3015, Zn,Sn04, ZnSnO;, Zn,In,0s, ZnGayOy ete. [13 —
43].

Technologically, these TCOs are being used extensively in various fields, which include
solar cells, flat panel displays (FPD), low-emissivity (“low-¢””) windows, electromagnetic
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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, etc. [1
—4,8 -9, 13, 44 — 54]. 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. [55 — 58]. And lastly, the low-temperature deposition of TCOs onto
poly(ethylene terephthalate) (PET), polyamides and other polymer substrates in roll-coating
processes for touch-screen and infra-red reflector applications are the recent challenges for
the TCO industries [59 — 61].

Possibility of the above-mentioned novel applications of TCOs is based on the fact that
the electronic band gap of a TCO is higher than 3.1 eV (corresponding to the energy of a 400
nm blue photon). So visible photons (having energy between 2.1 to 3.1 eV) 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 non-stoichiometry and (or) appropriate
dopants in a controlled manner. A schematic representation of the bandgap designing for
transparent conductors is shown in Fig. 1(a).
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Figure 1(a). Bandgap designing for transparent conductors. Visible photons (2.1 eV to 3.1 eV) 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.

Although the TCOs have vast range of applications as mentioned above, very little work
have been done on the active device fabrication using TCOs [62, 63]. This is because most of
the aforementioned TCOs are n-type semiconductors. But the corresponding p-type
transparent conducting oxide (p-TCO), which are essential for junctional devices, were
surprisingly missing in thin film form for a long time, until in 1997, Kawazoe and co-authors
reported the p-type conductivity in a highly transparent thin film of copper aluminum oxide
(CuAlOy) [64]. This has opened up a new field in opto-electronics device technology, the
so-called “Transparent Electronics” or “Invisible Electronics” [65], 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
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UV part [64]. It must be mentioned here that the first report of semi-transparent p-type
conducting thin film of nickel oxide was published in 1993 by Sato et al [66]. 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 superior 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 characteristics, at least comparable to the
existing, widely used n-TCOs, which are having transparency above 80 % in the visible
region and conductivity about 1000 S cm’”' 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.

Copper aluminum oxide (CuAlO,) is the first and the most important p-TCO material
reported in thin film form [64], 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 3.5 eV, whereas the room temperature conductivity (orr) is
0.34 S cm™ with a carrier concentration ~ 3.0 x 10" cm™ [67]. 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, SnO,
etc. Therefore, as far as technological aspects are concerned, improvement in the electrical
characteristics of this material is the need of the hour alongwith the reproducibility with the
required opto-electrical properties.

The electrical, optical, structural as well as morphological properties and hence device
performance of CuAlQO, thin films are highly correlated with the deposition techniques. The
growth parameters, especially deposition atmosphere, substrate temperature, post-deposition
annealing of the films etc., control the properties of CuAlO, thin films to a large extent.
Defect chemistry plays a major role in the enhancement of the p-type conductivity of the
films. So a systematic study of the effect of different growth parameters on the characteristics
of the films is needed for improved material synthesis. Also low-cost processes to deposit
device quality CuAlO, and similar types of p-TCO thin films are the most important issue for
large-scale production of these films for diverse device applications. And most importantly,
transparent junction fabrication with superior opto-electronic properties will be the next
significant step towards the realization of “Transparent Electronics”.

Nanocrystalline CuAlO; thin films: After the pioneering works of Efros and Efros [68]
and Brus [69] on the size-quantization effect in semiconductor nanoparticles, the research on
nanostructured materials generates great interest in the scientific community and offers
tremendous opportunities in science and technology because of new properties exhibited by
these materials and challenging problems thrown up for providing theoretical concepts in
physics associated with it [70-72]. Infact, both the natural as well as the artificial world can
now be categorized in two regimes: micro regime and nano regime. Starting from a human
hair to DNA structure — the nature evolves itself from micro to nano scale structures.
Similarly, man made world is now shifting its attention from micro devices to nano materials.
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Fig. 1(b) schematically represents the broad spectrum of the micro and nano regime,
indicating how natural and man made world evolve into smaller domain.

Optical properties of nanocrystals are markedly related to their size and surface chemistry
and drastically differ from those of bulk materials. Preparation and study of high quality
quantum dots [73], nanobelts [74] and nanowires [75] have been reported widely. These
achievements in the last few years have focused nanoparticle research on their applications in
electrical and optoelectronics devices [76-77].

Syntheses and characterizations of nanostructured n-TCOs are very important and well-
established field in nanotechnology and still growing in stature. Therefore, the formation of
nanocrystalline p-type counterpart may open up an extremely important and interesting field
of research for the fabrication of all-transparent nanoactive devices. This will not only give a
new dimension in the field of ‘‘Transparent Electronics’’, but new avenues may open up in
the nanoparticle research keeping an eye on its tremendous applications in optoelectronics
technology.

Field-emission displays: Low-macroscopic field (LMF) emission of electrons from the
surface of a thin film to the vacuum in the presence of a macroscopic electric field (mean
field between the parallel plates in a capacitor configuration) is currently of much interest due
to the potential application in cold cathode devices. Also field emission displays (FEDs) are
considered to be strong candidate for low-power panel application because of its very thin
profile, high production efficiency, fast response, high brightness, wide operating
temperature, possible expansion of size and last but not the least, high picture quality at a
lower cost [78]. Spindt tip cathodes made up of materials with high work function, e.g. Mo,
W, Si etc. are used in typical FEDs. For extraction of electrons from these cathodes, sharp tips
with radii as low as 20 nm were constructed, which enhances the macroscopic field at the
emitter-tip and supplies the necessary barrier-field (also called local-field at the emitter-tip) to
produce the field-emission-tunneling. These emitted electrons are then allowed to collide with
fluorescent material applied to the cathode, thus emitting light. A schematic diagram of the
light emitting principle of the FED system is shown in Fig. 1(c). While the cathode of a CRT
uses a point electron source, an FED uses a surface electron source. 6-inch color FED panels
have already been manufactured, and research and development on 10-inch FEDs is
proceeding very rapidly. When compared with TFT LCDs, FEDs offer a superior viewing
angle (160 degrees both vertically and horizontally) and are several microseconds quicker in
response speed. In the last decade, low-macroscopic field emission from carbon based films
like diamond, diamond like carbon (DLC), amorphous carbon (a: C) etc. [79, 80], made them
strong candidate materials for FEDs.

It was found that the materials with wide bandgap (such as diamond) have low or
negative electron affinity, which, in turn, enhances the low-macroscopic field emission
properties of diamond films [81]. Also p-type semiconducting diamond film showed low-
threshold field emission properties [82].

CuAlO; - being a p-type wide bandgap semiconducting material, can become a candidate
material for potential field-emitters. Infact, we have first reported the low macroscopic field
emission, at a relatively lower threshold, from CuAlO, thin film, deposited on glass substrate.
The emission properties have been studied for different anode-sample spacing. The threshold
field and approximate local work function are calculated and we have tried to explain the
emission mechanism therefrom. As mentioned above, CuAlO, is a transparent p-type
semiconducting material, which has excellent potential to be used in opto-electronics device
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technology [64, 83]. Its field emission properties have given an additional impetus on the
properties of this technologically important material and may open up a new window in the
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field-emission technology with a new group of materials other than carbon-based films like
amorphous carbon (a: C), diamond like carbon (DLC), diamond, carbon nano-tubes (CNT),
silicon carbide (Si: C) nano-rods etc. [84-87].

2. Brief Review of Past Work

As p-TCO technology is an important and emerging field of research, hence a systematic
review of the major developments in p-TCO materials with regard to the different deposition
techniques and properties of the films so obtained are the needs of the hour. A brief and
partial review on this field had been reported previously by Tate and co-authors [89] as well
as by Nagarajan and co-authors [89-90]. Also Norton [91] presented a detailed review on the
synthesis and properties of oxide thin films, which briefly includes the importance of p-TCO
too. We have recently published a detailed and up-to-date review on the recent developments
in this interesting and challenging field of p-type transparent conducting oxides [92]. Fig. 2(a)
describes different p-TCO materials fabricated so far by various groups around the globe.
Here we have tried to give a comprehensive picture of the developments in various Cu-based
p-TCO thin films, starting with CuAlO,, which is the first and most important material in this
family. We have also discussed, in details, the fabrication of various transparent junctions,
which is the most important aspect of the “Invisible Electronics”. Also a brief review on the
recent activities on nanostructured p-TCO thin films have been presented, which is an
extremely important field of research for the development of nano-active devices. And lastly,
field-emission properties of various wide bandgap materials and their applications in FED
technology have been presented.

2.1. Copper Based p-TCO Films

2.1.1. Delafossite Films

Delafossite materials have the chemical formula MIMHIOZ, where M": monovalent cations
such as Cu’, Ag+, Pd", Pt etc. and M"™: trivalent cations such as A1+3, Gaﬂ, In+3, Cr+3, Fe+3,
Co™, Y™, La”, Sc™ etc. Amongst them, those materials having d'® orbital (Cu, Ag) show p-
type semiconducting behavior whereas those with d’ orbital (Pt, Pd) show metallic
conductivity [93-95]. For p-TCO technology, materials from the former group show the
required properties for possible device applications. The first and the most important material
in this group is the copper aluminum oxide (CuAlQO;). Although this material is known to
exist for nearly 50 years [96] and back in 1984 its p-type conductivity was first reported by
Benko and Koffyberg [97], but Kawazoe and co-authors [64] first prepared it in transparent
thin film form for possible applications in p-TCO technology. The structural properties of this
material were extensively studied by Ishiguro and co-authors [98-100]. The structure is

shown in Fig. 2(b) and described in details later. It belongs to R 3 m (Dsq) space group with
rhombohedral crystal structure [95]. The crystal data of CuAlO; is given in Table 1. Other p-
TCO thin films belonging to this group are copper gallium oxide (CuGaO,) and copper
indium oxide (CulnO;) [101-103]. The lattice parameters of these materials were reported in
various literatures [94, 104-105]. Also, the band structures of these materials were calculated
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by Yanagi et al. [67], Robertson et al. [106] and Ingram et al. [107] in details. Doped versions
of some similar types of p-TCO thin films have also been reported which include iron doped
copper gallium oxide (CuGaO,: Fe), calcium doped copper indium oxide (CulnO,: Ca),
magnesium doped copper scandium oxide (CuScO,: Mg), magnesium doped copper
chromium oxide (CuCrO,: Mg), calcium doped copper yttrium oxide (CuYO,: Ca) etc. [88,
102-103, 108-110]. Crystallographic data as well as band structure calculations of these
materials had also been reported in various literatures [104, 111-112]. Preparation of some
other highly resistive (~ 10° Q-cm) new delafossite materials such as CuFe; V0, (x = 0.5),
CuNi;,Sb,0;, CuZn;,Sb,O,, CuCo;.,Sby0,;, CuMg;SbyO,, CuMn;SbyO, (x = 0.33) in
powder form had been reported by Nagarajan et al. [89-90] (but no thin film preparation of
these materials has been reported so far). Preparation of 10 % Sn doped CuNi;_,SbyO, thin
film has been reported by the same group [88, 90], having reasonable visible transparency (60
%) and conductivity (5 x 1078 cm'l). The electrical and optical properties of these films are
described in Table 2.

P-TCO
Delafossite structure (M'M™O,) Non-delafossite
[M": Cu”, Ag'] structured
[M™: A1, Ga®, In"3, Cr™, Fe™, p-TCO
Co”, Y™, La", Sc*” etc ]
| 1 Cu,SrO, Binary oxide Mixed
| | (NiO, oxide
Cu-based Ag-based p-ZnO) (Ag,0-In,03)
delafossite delafossite
p-TCO p-TCO
(Cu'M™O,) (Ag'M™M0,) Spinel oxide
@A 1? 2-24) Layered
| [A™: Ni*"] .
[BU C 03+] Oxychalcogenide
| [(La™O)M'C"]
[Lo™ La®, Pr, Nd®,
Single doping of Cu- Sm"™, Gd”, Y™ etc.]
based delafossite M Cu’, Ag']
p-TCO Double doping of Cu-based [C" 87, Se”]
(cu! M. m0,) delafossite p-TCO
[MH: Feﬂ, Ca+2,

(cu'm{" M m0,)
[M": Sn*? etc.]
[M™ NiP] (M Sb7]

Mg etc.]

Figure 2(a). Chart of various p-TCO materials reported so far. Here the doped versions of Cu-based
delafossite p-TCOs have been mentioned only.
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Table 1. Crystal data for CuAlQO, [98, 104, 106, 113]

System - Rhombohedral

Space Group — R 3 m (D3q)
a=2858A=b,c=16958 A

a=28.1°=p

Cu-0=186A,A1-0=191A, Cu-Cu=2.86 A

Table 2. Delafossite p-TCO thin films with different doping concentrations and their

respective opto-electrical parameters.

Average
Material Dopant | % dop-ing thiiill::ess (;;) E(‘i‘;i;;“ ( S(ZI:I:'I) (M‘S,RIT(_l) Ref.
(nm)

CuAlO, undoped -— 230 70 3.5 0.34 +214 67
CuGaO, undoped --- 500 80 3.6 0.063 + 560 101
CuGa,.Fe O, Fe 0.5 150 60 34 1.0 +500 88
Culn;4Ca,0, Ca 0.07 170 70 ~3.9 0.028 + 480 103
CuCrO, undoped - 250 40 ~3.1 1.0 - 109
CuCr;xMgO, | Mg 0.5 270 50 3.1 220.0 +150 89, 109
CuYO, undoped --- 200 60 ~3.5 0.025 --- 89, 110
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Table 2. Continued

Average
. . film T Eg.direct ORT Skrr
Material Dopant % dop-ing thickness | (%) (V) s cm'l) v K7 Ref.
(nm)
CuYxCa,0, Ca 0.01-0.02 240 50 3.5 1.05 +275 89, 110
CuScO,* undoped - 110 40 ~33 30.0 - 89, 108
80 33-3.6 | ~0.07
4 60 -do- ~0.1
CuSc1Mg:0," | Mg 0.05 220 -250 88,114
25 -do- ~0.8
15 -do- ~20.0
Ni 0.66
CuNi1Sby. Sb 0.30 ~200 60 34 0.05 + 250 88
ySnyOZ
Sn 0.033

*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 Torr (for most transparent film) to 15,000 Torr (for least transparent film). Also
according to Ref. [115] the doping concentration of Mg was 1 %.

2.1.2. Nondelafossite Films

Cu,SrO;: Besides delafossite films, another Cu-based p-TCO thin film in the form of
Cu,SrO, has been synthesized by Kudo et al. [116]. The crystallographic data and band
structure calculations were done by Teske et al. [117], Boudin et al. [118] and Robertson et al.
[106]. Undoped and 3 % K doped sintered discs and films were prepared by Kudo et al [116].
The transparency remains almost same (~ 70 % to 75 %) for both types of films whereas the
conductivity increased slightly from 3.9 x 10° S em™ to 4.8 x 102 S cm™.

Layered oxychalcogenide films: Layered-structure oxychalcogenide films of the form
(LaO)CuCh (Ch = Chalcogenides e.g. S, Se) [115, 119] showed high optical transparency and
reasonable p-type conductivity to become promising material for “Transparent Electronics”.
Although this material was first prepared almost two decades ago by Palazzi [120] and its p-
type conductivity was reported more than a decade ago [121, 122], but Ueda, Hiramatsu and
co-authors first prepared it in transparent thin film form to extend its application into p-TCO
technology [115, 119]. Also this material shows room-temperature band edge emission under
UV-excitation, extending its application in light emitting devices (LEDs) and similar fields
[123-129]. Crystallographic parameters of these materials were extensively studied by Palazzi
[120] as well as by others [121, 130-131]. Also band structure calculations were done by
Inoue et al. [132]. Different physical properties of the material were also studied by various
groups [133-135].

Non-oxide Cu-based transparent semiconductors: There are reports on the fabrication of
non-oxide p-type transparent conductors like Cu,BaS,;, CuBaSF [136-138] etc. Park and co-
authors [136] synthesized a-Cu,BaS, thin film, which crystallizes at low temperature in
orthorhombic structure [139]. They obtained a visible transmittance of 70 % for a 430 nm
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thick film with a rather low bandgap of 2.3 eV. The room-temperature conductivity was
reported as 17 S em” with a Hall mobility of 3.5 cm? V' S, Later the same group reported
the preparation of undoped and K doped CuBaSF pellets and thin films [138]. The
transmittance of the undoped film was ~ 85 % in the visible region with an estimated direct
bandgap value of 3.2 eV. A decrease in the transmittance with increase in the K-dopant was
observed for the doped films. Room-temperature conductivity of the polycrystalline thin film
was obtained as 1.0 S cm™. Although these materials cannot be classified as p-TCO, but still
they have scientific importance in the field of “Transparent Electronics”.

2.1.3. Deposition Techniques

Growth technique of thin films plays the most significant role on the properties of the films.
Different deposition routes yield films with diverse structural, optical and electrical
properties. Even for the same deposition technique, slight variation in the deposition
parameters produce 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 diagrams
and related parameters are reported in various literatures [5, 8, 140-143].

CuAlO; thin films prepared by various techniques include pulsed laser deposition (PLD)
[64, 67, 144, 145], R. F. magnetron sputtering [145], R. F. magnetron reactive co-sputtering
of Cu and Al metal targets [146], D. C. reactive sputtering of facing targets of Cu and Al
metals and a rotating substrate [147], pulsed magnetron sputtering [148], chemical vapor
deposition (CVD) [149-151], e-beam evaporation [152], wet-chemical solution growth
technique [153], hydrothermal cation exchange reaction followed by spin-on technique [154],
rapid thermal annealing [155], spray technique [156], sol-gel technique [157] etc. Also ion
exchange method is used to prepare CuAlO, powder from LiAlO, [158]. Although no film
preparation was reported by this method but this process may become an important target
preparation procedure for PLD or sputtering. Similarly, hydrothermal process [159] had been
adopted to synthesize CuAlO, and Ga doped CuAlO, solid solutions. Previously, we have
reported the syntheses of phase pure p-CuAlO, thin films by D. C. sputtering of sintered
pellet of copper aluminum oxide [160] as well as reactive sputtering of a mixture of Cu and
Al metal target pellets in oxygen diluted Ar atmosphere [161]. Wet-chemical deposition of
highly oriented CuAlO, thin film has also been carried out by us [92, 162], which showed
very good optical properties.

Also, based on ab initio electronic structure calculations, new methods have been
proposed by Yoshida and co-authors [163-164] to fabricate high-conducting p-CuAlO,. They
proposed that in thermal non-equilibrium PLD or molecular beam epitaxy (MBE) crystal
growth techniques, induction of high concentration of Cu vacancies, 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 process might also increase the p-type conductivity of
the material. Optical and Electrical properties of CuAlO, thin films synthesized by various
growth techniques are furnished in Table 3.



Table 3.Optical and Electrical properties of CuAlQO; thin films synthesized by various growth techniques.

Thickness Avg. Visible Room-Temp. E Carrier
Growth Technique (nm) Transmittance Conductivity (meaV) density Ref. Remarks
(%) (S em™) (em)

PLD 500 70 0.095 ~200 | 13x107 | 64 |-

PLD 230 80 0.34 220 2.7x 10" 67 Films were post-annealed in O, atmosphere
(1.3 Pa)

R. F. Sputtering 180 85 - - - 145 | Preliminary Hall and TEP measurements
confirmed p-type conductivity

R. F. Magnetron 250 20 - 80 -—- --- --- 146 | Small amount of CuO was present in the

Reactive Co-Sputtering film

Pulsed magnetron 20 85-95 0.20 - - 148 | Film deposited directly from a blended

sputtering Cu,0/A1,0; powder target.

Reactive D. C. | 400-800 50 - 60 0.01-0.1 - - 147 | With facing metal targets and rotating

Sputtering substrate. Films were annealed at 1050 °C
in N, atmosphere.

MOCVD 250 40 2.0 120 2.6x 10" 150 | The films were a mixture of CuAlO,, Cu,O
and CuAl,O,.

PE-MOCVD 120 40 17.08 32 1.17x10% | 149 | For those samples annealed in air for 5 min
(at 350 °C)

E-beam evaporation - 50-85 1.0 - 10™-10% 152 | Hole concentration  decreases  with
increasing water vapor pressure

Dip-coating 1000 - 5x 107 - - 153 | Results given for films deposited via Nitrate
route.

RTA 360 60 0.57 - - 155 | RTA was performed over 1000 °C.

Hydrothermal  cation 420 60 2.4 140 54x10% 154 | Film is nanocrystalline in nature with grain

exchange size around 14-16 nm

Spray pyrolyses 1000 30-70 - - - 156 | Transmittance increases as Cu:Al ratio
approaches to 1.0

Sol-Gel synthesis 1100 - 0.004 - - 157 | High resistivity is due to porous structure of

the film.
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2.2. Transparent Junctions

Junctional devices fabricated by both n and p types of TCO thin films are the key structure for
“Invisible Electronics” [65]. 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 [64]. Therefore, simultaneously these devices can act as ‘UV-shields’ as well as
‘electricity generators’ by the UV absorption. A schematic diagram of all-TCO diode is
shown in Fig. 2(c). Fabrication of a number of all-TCO junctional devices have been
reported, which include both p-n and p-i-n homo-junctions and hetero-junctions as well as
transparent field effect transistors (TFET) .

/

Electrical leads

Metallic contacts

d
p-TCO 1

d,
n-TCO

L Glass L~
- -

~] ~]
1 1

Figure 2(c). Schematic diagram of an all-TCO p-n junction diode on glass substrate.

Heterojunction: The first all-TCO diodes were reported by Sato and co-authors [66]. They
fabricated a semi-transparent thin film p-i-n structure consisting of p-NiO / i-NiO / i-ZnO / n-
ZnO: Al. The rectifying properties of the structure confirmed the formation of the junction.
Similarly, fabrication of all-TCO p-n hetero-junction thin film diode of the form p-SrCu,0, /
n-ZnO was reported by Kudo and co-authors [165]. The same group also reported UV
emission from a p-n hetero-junction diode composed of p-SrCu,O, / n-ZnO after current
injection through it [166-169]. P-i-n hetero-junction in the form of p-SrCu,0,: K / i-ZnO / n-
ZnO was also constructed by this group [168]. Similarly p-i-n hetero-junction of the form p-
CuYO,: Ca /i-ZnO / n-ITO was fabricated by Hoffman et al [170]. Jayaraj and co-authors
[110, 171] fabricated p-n hetero-junction using p-CuY4Ca,O, (x = 0.01-0.02) / n-Zn, 4Al,O
(x = 0.02) structure. Tonooka and co-authors [172] reported the fabrication of n-ZnO/p-
CuAlO; diode structure with rectifying characteristics and observed a photovoltaic effect (as
large as 80 mV) under illumination of blue radiation. Although the performance of the diode
was restricted by the low crystallinity of the CuAlO, layer but the forward-to-reverse current
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ratio showed a moderate value of 90 between —1.5 to +1.5 volt. Also the transparency of the
structure was 40 % to 70 % in the visible region.

Homojunction: Besides hetero-junctions, fabrications of p-n homo-junctions were also
reported by few authors. Importance of the homo-junctions lies in the fact that lattice
matching is supposed to be automatic during the formation of diodes. First all-delafossite p-n
homo-junction diode was fabricated by Yanagi and co-authors [103] of the form YSZ (111) /
ITO / p-CulnO;: Ca / n-CulnO,: Sn / ITO. Similarly all-ZnO p-n homo-junctions were
reported by Hwang and co-authors [173], Tiizemen and co-authors [174] and Aoki and co-
authors [175]. Hwang et al [173] fabricated n-ZnO: Al / p-ZnO: As and observed rectifying
characteristics with a turn-on voltage around 2.5 volt. Tiizemen et al [174] reported intrinsic p
and n-type ZnO homo-junction, prepared by reactive R. F. magnetron sputtering. The n-type
and p-type conductivities were obtained by varying O, partial pressure in the Ar + O,
sputtering atmosphere. It is worthwhile to be noted that the first report on p-type conductivity
in intrinsic ZnO was published by Butkhuzi and co-authors [176], where post-annealing of the
as-grown material in atomic oxygen atmosphere was performed to achieve intrinsic p-type
conductivity. Aoki et al [175] fabricated p-ZnO: P / n-ZnO homo-junction and observed
rectifying I-V characteristics. If the carrier concentration can be increased by optimizing the
deposition parameters then these all-ZnO diode structures may open up a new horizon in the
field of “Transparent Electronics”. Parameters of deferent all-transparent diodes are compared
in Table 4(a).

TFET: Another important area in the field of “Transparent Electronics” is the fabrication of
transparent field-effect transistors (TFET) [177]. A schematic diagram of top-Gated TFET is
shown in Fig. 2(d). Prins and co-authors [178, 179] reported the fabrication of ferroelectric
TFETs, based on transparent SnO,: Sb thin films. They have observed the field-effect
mobility around 10 cm®V™'s™, with an on/off current ratio ~ 10*. Later various groups [180-
181] reported the fabrication of ZnO based TFETs with reasonable device properties.
Hoffman et al [180] reported 75 % visible transparency in their ZnO-TFETs with mobility
and on/off ratio around 2.5 cm*V's™ and 107 respectively. Masuda et al [181] observed these
values around 1.0 cm®V™'s™ and 10° respectively, with optical transmittance more than 80 %
in the visible region. Similarly Carcia et al [182] obtained these values around 2.0 cm*V™'s™,
10° and >80 % respectively for their ZnO-TFETs. Recently, Nomura, Ohta and co-authors
[183, 184] reported the successful fabrication of high mobility top-gate TFETs based on
single crystalline transparent InGaO3(ZnO)s thin film. The device shows the mobility as high
as 80 cm®  V''s™ with on/off current ratio ~ 10° and more than 80 % transparency in the
visible and near infra-red region. The deposition techniques for the fabrication of these
TFETs include pulsed laser deposition (PLD) [178, 179, 181], ion beam sputtering [180], r.f.
magnetron sputtering [181], reactive solid-phase epitaxy [183] etc. The deposition routes and
various parameters of different TFETs are furnished in Table 4(b). These reports provide a
significant step towards the realization of “Invisible Electronics”.



Table 4(a). Parameters of deferent all-transparent diodes

Diode structure n-ZnO/ n-ZnO/ n-ZnO:Al/ n-ZnO/ n-CulnQO,:Sn / n-ZnO: Al/ n-ZnO/
p-SrCu,0, p-SrCu,0,:K p-CuYO,:Ca p-CuAlQ, p-CulnO,:Ca p-ZnO: As p-ZnO
p-layer 300 200 300 400 400 1500-2000 5000
Thickness
(nm) n-layer 300 — 1000 200 250 400 400 600 5000
Carrier p-layer 10" ~108 ~5%x10"
concentra--
tion
(cm’s) n-layer 5x 101 ~10'% - - - - ~6x 105
Substrate Glass YSZ (111) Glass Glass YSZ (111) GaAs (001) Si (100)
Reactive co- Reactive co- .
- p-layer | evaporation in PLD evaporation in PLD PLD R 1: Eﬁiﬁftron RF. M:glilt‘:zrr(i): feactive
Deposition O, atmosphere 0, atmosphere P & p &
technique Magnetron R. F. Magnetron R. F. Magnetron R. F. Magnetron reactiv
n-layer gnetro PLD - F. Magnetro PLD PLD - F. Magnetro - F. Magnetron reactive
sputtering sputtering sputtering sputtering
p-side 1ITO Ni In ITO ITO In Au/Al
Electrodes
n-side n'-ZnO ITO ITO n' - ZnO ITO In Au/Al
Turn-on voltage ~05 ~1.0 04-0.8 04-1.0 1.8 ~25 ~1.0
V)
Reference 165 166 110 172 103 173 174




Table 4(b). Parameters of various TFETs

(Thickness ~ 120 nm)

(Deposition
PLD)

technique:

(Thickness ~ 80 nm)

(Deposition technique: PLD)

(Thickness ~ 30 nm)

(Deposition
PLD)

technique:

- Visible
Active Channel Gate Insulator Gate Electrode Substrate Mozbl_l:tz On/‘ Transparency Ref
used (em“V7's™) off ratio (%)
SnO»: Sb PbZr(,Tio 303 SrRuO; SrTiO; 10.0 ~10* Transparent, as | 178%
(100) seen in the figure | 179
(Thickness ~ 110 nm) (Thickness ~ 160 nm) (Thickness ~ 140 nm) provided, but no
numerical  data
(Deposition technique: | (Deposition technique: PLD) (Deposition technique: given.
PLD) PLD)
ZnO ALOs + TiO,’ ITO Glass 25 ~ 107 75 180
(Thickness ~ 100 nm) (Thickness ~ 220 nm) (Thickness ~ 200 nm)
(Deposition technique: | (Deposition technique: ALD) (Deposition technique:
PLD) Sputtering)
ZnO SiO;, + SiN,T ITO Glass 1.0 10° 80 181
(Thickness ~ 140 nm) (Thickness ~ 250 & 50 nm | (Thickness ~ 100 nm)
respectively)
(Deposition technique: (Deposition technique: e-
PLD) (Deposition technique: PECVD) beam evaporation)
InGaO3(ZnO)s* a-HfO, ITO YSZ (111) 80.0 ~10° 80 183%

* Due to the presence of ferroelectric insulator PbZr, ,Tig 305, the device showed intrinsic memory function.

# AL,O; + TiO, is an alternative layers of Al,03 & TiO,.

" This TFET has a double layer Gate insulator.

*Single-crystalline InGaO5(ZnO)s is used as active channel layer.
 The device has a top gate structure.




Table 5(a). Electro-optical properties of nanostructured CuAlQ; thin films synthesized by various processes.

Avg. particle | Band Room-temp. Carrier
Process size -gap conductivity concentra-tion Ref Remarks
(nm) (eV) (S em™) (em™)

MO-CVD 10 3.75 2.0 1.8x 107 150 The film contains nanocrystalline phases of CuAlO, and Cu,0.

Spin-on 10 3.75 2.4 54x10% 154 Initially CuAlO, nanocrystalline powder was prepared by hydrothermal cation

technique exchange reaction between NaAlO, and CuCl. Then the powder was dispersed in
alcohol and deposited as thin film.

Sputtering ~10 3.94 --- - 185 Deposition time was varied to decrease the particle size. With decrease in the
particle size, an increase in the bandgap is observed due to quantum confinement
effect. Also room-temp. photoluminescence properties were observed first time in
these nanocrystalline CuAlO; thin films.

Table 5(b). Progress in the development of F-N theory and F-N equation.
Theory Author(s) Year Assumptions and remarks Ref.

‘Original’ F-N theory R. H. Fowler and L. Nordheim 1928 The authors treated the effect as wave-mechanical tunneling through a triangular | 209

potential barrier. They have carried out an exact solution of the Schrédinger equation
for a simple triangular barrier.

‘Standard’ F-N theory E. L. Murphy and R. H. Good Jr. 1956 These authors used more realistic barrier and introduced ‘exchange-and-correlation | 210

interaction’ between the emitted electron and the surface, into the original F-N theory.

‘Modified’ standard F-N | H. A. Schwettman, 1974 These authors introduced the local field enhancement factor ‘B’. B was initially | 211

theory J. P. Turneaure, and R.F.Waites postulated to arise from the geometrical irregularities on the emitting surface.

Latham’s model for ‘field | R. V. Latham 1983 This model introduced field enhancement due to semiconducting or insulating | 212

enhancement’ materials on the emitting metal surface.

‘Generalized’ F-N | R. G. Forbes 1999 This equation combined various models for F-N theory and depended on the particular | 214

equation assumption(s) and approximation(s) made. The proper choice of the ‘generalized

correction factors’ in the generalized F-N equation would lead to the required F-N
equation.

‘ENH’ theory R. G. Forbes 2001 The emitting films are assumed to be ‘electrically nanostructured heterogeneous’ | 213

(ENH) materials, where internal nanostructure creates geometrical field enhancement
inside and at the film-vacuum interface. Thus the macroscopic field is enhanced by a
factor,3, to produce the required barrier-field for electron tunneling.
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Figure 2(d). Schematic diagram of a top-gated TFET structure. After [183].

2.3. Nanostructured p-CuAlO; Thin Films

As far as syntheses of nanocrystalline CuAlO, thin film is concerned, Gong and co-authors
[150] first reported the preparation of phase impure copper aluminum oxide films by
chemical vapor deposition (CVD) method, which contain nanocrystalline phases of CuAlO,
and Cu,O. They have used metalorganic precursors Cu(acac), and Al(acac); (acac =
acetylacetonate) as the source material. The crystallite size was found to be below 10 nm with
an optical bandgap of 3.75 e¢V. The carrier concentration was ~10" ¢cm™ [150]. Also later,
Gao and co-authors [154] reported the synthesis of phase pure nanocrystalline CuAlO, thin
film by spin-on technique. Initially CuAlO, nanocrystalline powder was prepared by
hydrothermal cation exchange reaction between NaAlO, and CuCl. Then the powder was
dispersed in alcohol and deposited as thin film on glass substrates by spin-on technique [154].
The average grain size obtained by this group was around 10 nm with an optical bandgap
around 3.75 eV. The room temperature conductivity was found to be 2.4 S cm™ with a hole
concentration around 10'® cm™. We have also reported the synthesis of CuAlO, nanoparticles
by D. C. sputtering technique from a sintered disk of copper aluminum oxide [185]. The
particle size was found to be as low as 10 nm. We have observed an increase in the particle
size with an increase in the deposition time. Also an increase in the bandgap from 3.60 to 3.94
was observed with the decrease in the particle size. And this bandgap enhancement is
attributed to the quantum confinement effect as often found in semiconductor nanocrystals.
Various opto-electronic properties of nanocrystalline CuAlO; thin film are furnished in Table
5(a). We have also observed for the first time some photoluminescence properties of
nanocrystalline CuAlO, thin films and tried to explain it with existing theories [185].
Photoluminescence properties of p-type transparent semiconducting layered oxysulphide thin
films of LaO(CuS) have been reported previously by Ueda and co-authors [115]. Also, as far
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as luminescence properties of copper based delafosite oxide materials are concerned, Jacob
and co-authors [186] reported the luminescence properties of CuLaO, and CuYO; pellets.

2.4. Wide Bandgap Field-Emitters

It was found that the materials with wide bandgap (such as diamond) have low or negative
electron affinity, which, in turn, enhances the low-macroscopic field emission properties of
diamond films [81]. Also p-type semiconducting diamond film showed low-threshold field
emission properties [82]. As far as the field emission from other wide bandgap thin films is
concerned, GaN and AIN showed very good field emission properties. Polycrystalline GaN
films [187] as well as nanostructured GaN, in the form of nanorods [188], nanobelts [189],
nanoneedles [190], nanowires [191] etc. showed very low threshold field emission properties.
Similarly, oriented AIN [192, 193] and nanostructured AIN [194-197] also showed very good
field emission properties.

As far as field emission properties of various TCOs are concerned, Olesik et al. [198]
reported the field emission properties of Sb and Sn doped Indium tin oxide (ITO) thin films
under an average external field of 5 Vum™. Similarly, Baranauskas and co-authors [199]
reported the field emission properties of SnO, thin films and observed that the deposition
temperature had a dramatic influence on the electron emission properties of the material. Also
nanostructured ZnO films have recently generated great interest in the field of FED
technology due to their superior field emission properties over carbon based field emitters.
ZnO nanowires [200-202], nanoneedles [203] etc. have been reported to show excellent low-
threshold cold field emission properties. Previously, our group also reported very good field
emission properties of ZnO nanowires [204-205] synthesized by catalyst free solution route.
The enhanced field emission properties of this material were attributed to the geometrical
structure of the nanowires, due to which considerable field enhancement was manifested at
the emitter tip to show low-threshold field emission. Also recently, Yang et al. [206] observed
that a nanocomposite film composed of ZnO nanowire and amorphous diamond layer showed
remarkable enhancement in the field-emission properties over the intrinsic diamond and ZnO
films. This is very important in the sense that both diamond, being a robust material, and
ZnO0, a highly chemically stable and structurally rigid material, a nanocomposite of these two
may produce much stable field emitters for diverse applications. As far as the field emission
properties of wide bandgap p-CuAlO; thin film is concerned we have first reported its field
emission properties and tried to explain the field emission mechanism therefrom [207, 208].

The emission of electrons from a metal-vacuum interface, in the presence of an external
electric field normal to the emitting surface, was initially treated as a quantum mechanical
tunneling process by Fowler and Nordheim (‘original’ F-N theory)[209]. Later, Murphy and
Good [210] proposed a more rigorous theory, called ‘standard F-N theory’, where the
‘exchange-and-correlation interaction’ between the emitted electron and the surface was
included into the original F-N theory [209]. Schwettman et al. [211] further modified the
‘standard F-N theory’ by introducing the local field enhancement factor ‘B’. [ was initially
postulated to arise from the geometrical irregularities on the emitting surface, but later
Latham [212] proposed a model, which introduced field enhancement due to semiconducting
or insulating materials on the metal surface. Extending the Latham’s model, Forbes [213]
tried to explain the low-macroscopic field emission of various films by assuming that the thin
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films are ‘electrically nanostructured heterogeneous’ (ENH) materials, where internal
nanostructure creates geometrical field enhancement inside the film as well as at the film-
vacuum interface. Thus the macroscopic field is enhanced by a factor, which can be related to
the above mentioned field-enhancement factor B, to produce the required barrier-field for
electron tunneling. In fact, as the original F-N theory (so also F-N equation) [209] is based on
certain assumptions, any deviation from one (or more) of these assumptions, leads to some
‘specialized versions’ of elementary F-N equation. So, Forbes proposed a ‘generalized F-N
equation’ [214], whose form in a given case depends on the particular assumption(s) and
approximation(s) made. He showed that the proper choice of the ‘generalised correction
factors’ in the generalized F-N equation, leads to the standard F-N equation, proposed by
Murphy and Good [210], which was the first fully satisfactory treatment of standard physical
assumptions. The development in the F-N theory is tabulated in Table 5(b). In fact there are
many different mechanisms involved as the electrons, in the presence of an external electric
field, travel through the bulk of the film to the surface via

different interfacial contacts, followed by the emission to vacuum, propagated through
the electrode gap and finally reaching the anode. The exact nature of these mechanisms is yet
to be explored completely.

3. Origin of P-type Conductivity in P-TCO

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. [64, 144], where 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 non-stoichiometry 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 [215], 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 in order to migrate within the crystal lattice, resulting in poor conductivity and
hole mobility.

A possible solution proposed by Kawazoe and co-authors [144] 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 force by oxygen ions and thereby delocalizing the holes.
This is the essential approach to obtain p-TCO, which is called “Chemical Modulation of the
Valence Band (CMVB)” [144].

But the next requirement is the choice of appropriate cationic species that will serve for
CMVB technique. Investigations showed that the required cationic species are3d'’-closed
shell of Cu” ions and 4d'’-closed shell of Ag” ions [144, 215]. Although some transition
metal cations with open d-shell may fulfill the energy requirement [216] for CMVB
technique, but they usually show strong coloration due to d-d transition, which is not
expected for transparent materials. Hence focus had been concentrated on the cations
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mentioned above, with closed (d'°s’) electronic configuration. Fig. 3 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.

Bottom of CB  —» -~

Top of VB —> 1 . —
/// IV \\\
/,// \\\\
\\\ /,/
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+ + \\ //
(Cu’, Ag") . .

Figure 3. Schematic diagram of CMVB method. Energy levels are to the scale. After Ref. [144].

Next is the structural requirement for designing p-TCO materials. Tetrahedral
coordination of oxide ions is advantageous for p-type conductivity, as it acts in reducing the
localization behavior of 2p electrons on oxide ions [144]. 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 electronic configuration
reduces the non-bonding nature of the oxide ions and increases the delocalization of holes at
the valence band edge (that is why Cu,O is a p-type conducting oxide [217-220]). But Cu,0,
although p-type in nature, has rather small bandgap (2.17 ¢V) [218]. This is probably because
of the three-dimensional interactions between 3d'° electrons of neighboring Cu” ions. It is
expected that the low-dimensional crystal structure would suppress this interaction [67]. As
we are interested in transparent conducting oxides, bandgap of the material (E,) should be
greater than 3.1 eV. 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 MmM™M0, (Ml = Monovalent ions, Cu’, Ag"; M™ = Trivalent ions,
A1+3, Gaﬂ, In+3, Cr+3, Fe”, Coﬂ, Sc+3, Y etc.) [93-95] were chosen as the candidates for p-
TCOs for several reasons. Firstly, if we investigate the delafossite structure as shown in Fig.
2(a), we see an alternative stacking of M' and layers of nominal M""O, composition consisting
M"-04 octahedra sharing edges. Each M' atom is linearly coordinated with two oxygen atoms
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to form a O-M'-O dumbbell unit placed parallel to the c-axis. O-atoms of O-M'-O dumbbell
link all M' layers with the M"0o, layers. On the other hand, each oxide ion in the M"0, layer
forms a “pseudo-tetrahedral coordination (M"3M'0)” [144] with the neighboring M"" and M'
ions. Hence, as previously mentioned, this electronic configuration reduces the non-bonding
nature of the oxide ions and, therefore, delocalizes the holes at the valence band edge.
Secondly, this layered structure (O-M'-O dumbbell layer and MO, layer) effectively reduces
the dimension of cross-linking of M' ions and, thus enlarging the bandgap [64]. And finally,
another important factor in this structure, is the low coordination number of the M' ions, due
to the large separation from oxygen legands, which is the result of the strong coulombic
repulsion between 2p electrons in oxygen legands and M' d'° electrons. This leads to the M"
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 [144].

As the importance of p-TCO lies in the active device fabrication, it is very important to
have lattice matching between both p and n-types of TCOs to form p-n homojunctions. Both
types of TCOs with delafossite structure may serve this requirement. In this regard, it is also
worthwhile to mention that the M"'O, layers of this structure is also important for designing
n-TCOs, specially for the cations like Gaﬂ, In" in the M™ sites with s configuration [144].
Following the above argument, delafossite AgInO, thin film with n-type semiconductivity
had already been established [221].

Non-stoichiometry and doping in p-TCO: The cause of p-type conductivity shown by p-
type transparent conducting oxide 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
regulating the preparation condition of the materials. The defect reaction may be represented
by the following equation [222, 223]:

- -3 +
0,(8) = 205 +V,  +V, 5y +4h (1)

where ‘Op’ denotes the lattice oxygen, <V’ denotes the vacancies of monovalent cation M'
and trivalent cation M respectively and ‘h’ denotes the hole. Superscripts *, *, and * denote
effective neutral, negative, and positive charge states respectively.

Also, intercalation of excess O 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 MIMIIIOz+X (MI =Cu’, Ag+ and M™ = A" s Ga+3, In" s
Y*3, Sc™ cations etc.). The value of x i.e. the percentage of excess oxygen may be as low as
0.001 % in CuAlOy thin film [65] to more than 25 % in CuY O, polycrystalline powder
and CuScO, thin films [89, 224-226]. Fig. 4(a), 4(b) and 4(c) show schematic representation
of stoichiometric ABO, crystal and non-stoichiometric ABO, crystal with “excess” oxygen in
lattice sites and interstitial sites.

Oxygen intercalation in delafossite p-TCOs only showed a maximum reported
conductivity around 3 x 10" S cm™ [108]. But this is still quite less than that of commercially
available n-TCOs like indium tin oxide (ITO), which is having room temperature
conductivity more than 1 x 10> S cm™. So next attention was focused on the substitutional
doping of these materials by appropriate dopants to increase the conductivity. Doping of
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CuAlO, was first attempted, as it was the first reported material amongst p-TCOs. Several
groups theoretically calculated the effects on the electronic behavior of the material due to the
presence of various cations in Cu and (or) Al sites. Lali¢ and co-authors [227, 228] 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 conductivity 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;.
xGax0; (0 £ x £ 0.5) was reported by Shahriari et al [159]. But no film preparation of this
material was reported by them. Also any other experimental data on the doping of CuAlO,
thin film has yet been reported. Heavy doping (~ 50 %) of CuGaO, by Fe™ in Ga sites has
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Figure 4(a). Stoichiometric ABO, lattice. The diagram is not according to the relative lattice
parameters.
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Figure 4(b). Non-stoichiometric ABO, structure with “excess” oxygen in lattice sites.

been reported by Tate et al. [88]. Their strategy was to combine high transparency of CuGaO,
thin film (~ 80 % in visible region [101]) with better conductivity (over other Cu and Ag
based delafossites [95]) of CuFeO, pellets (2.0 S cm’ [95, 229]). Both the polycrystalline
powder and thin film of CuGa;Fe O, (0 < x < 1) have shown p-type conductivity. It was
observed that high Fe doping had increased the conductivity of the film from 2 x 102 S em’
(for undoped CuGaO, thin film) to almost 1.0 S cm’ for CuGa;.Fe O, (x = 0.5) thin film,
whereas transparency of the films became ~ 60 % in the visible region [88].

Doping of CulnO,, CuYO,, CuScO,, CuCrO, by divalent cations e.g. Ca+2, Mg+2 etc.
were reported by various groups [88, 102-103, 108-110]. When a trivalent cation was
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Figure 4(c). Non-stoichiometric ABO, lattice with “excess” oxygen at interstitial site.

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:

+3 +
M 3,7y = (M112+2e_)~l«+V_+h+ )

> I

where M and M

are trivalent and divalent cations, V  is a negatively charged

vacant state, ¢ and hTis an electron and “free” hole respectively. The symbols T and
denote the replacement of trivalent cation by divalent one in the lattice sites. Such doped
delafossite films like CuCr;MgiO, (x = 0.05), CuY,4CaO, (x = 0.01 — 0.02), CuSc,.
Mg 0, (x=0.05) showed better hole conductivity over the corresponding undoped films.
Some Ag based delafossite materials like AngOz (MIII =Sc", Cr?, Ga® etc.) with 5 %
Mg doping at M™ sites was reported by Nagarajan et al. [89]. The conductivities of these
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sintered powders were very low (~ 10° —=10* S cm™) and also no film preparation of these
materials were reported anywhere so far.

There are also reports in the literature about the double substitution of trivalent M sites
by divalent and pentavalent cations e.g. CuFe; VO, (x = 0.5), CuNi; 4\SbyO,, CuZn; (Sb,O,,
CuCo;4Sb,0,, CuMg; Sb,0,, CuMn;,Sb,O; (x = 0.33), AgNi;,Sby0,, AgZn;Sb,O, (x =
0.33) etc., but all in the form of sintered powder [90, 224]. Also triple substitution of trivalent
cation had been reported by Tate and co-authors [88, 90] in the form of CuNi;..SbySn,0, (x =
0.3, y = 0.033). Thin film of this material showed an average of 60 % transmittance with a
room temperature conductivity of 5 x 107 S cm™.

4. Syntheses of P-CuAlQ,,, Thin Films
Copper aluminium oxide (CuAlQO,) thin films were prepared by three routes:

(a) Direct current (d.c.) sputtering of a prefabricated CuAlO, powder pellet,

(b) Reactive d.c. sputtering of a mixture of copper and aluminium metal powder pellet in
oxygen-diluted argon atmosphere.

(c) Wet-chemical dip-coating technique from a solution of CuCl and AICI; dissolved in
HCIl.

4.1. Synthesis of CuAlQO; Films by D.C. Sputtering

The d.c. sputtering technique to prepare the film, involved the following three steps:
@) CuAlO; powder preparation

Polycrystalline CuAlO, powder was synthesized by heating stoichiometric mixture of
Cu,0 and Al,O5 according to the reaction: Cu,O + Al,O; = 2CuAlO,. At first CuO and
Al O3 powder (99.99 %) were taken with Cu / Al atomic ratio 1 : 1 and mixed for 1 hour.
Then the mixture was heated in alumina boat at 1100°C for 24 hours. In every 6 hours the
mixture was taken out of the furnace after proper cooling, remixed and placed into the furnace
at the same temperature. The sintered body was reground and pressed into a pellet by
hydrostatic pressure of about 200 kgf / cm”. These pellets were then placed into a grooved
aluminium holder by appropriate arrangement, which was used as the target for sputtering.

(ii) Substrate cleaning

Before placing into the deposition chamber the glass substrates were cleaned at first by
mild soap solution, then washed thoroughly in deionized water and also in boiling water.
Finally they were ultrasonically cleaned in acetone for 15 minutes. Si substrates were first
immersed in 20 % HF solution for 5 minutes for removing surface oxide layers. Then they
were cleaned in deionized water and finally with alcohol in an ultrasonic cleaner.

(iii) Film deposition
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Our sputtering system consists of a conventional vacuum system, which was evacuated to
10°® mbar by rotary and diffusion pump arrangement. The chamber was back filled with Ar
and O, (40 vol %) gas mixture. The target was pre-sputtered for 10 minutes to remove
contamination, if any, from the surface and then the shutter was displaced to expose the
substrates in the sputtering plasma. Si (400) and glass were used as substrates. The target was
connected to the negative terminal of high voltage d.c. power supply and the substrate was
placed on the ground electrode. Summary of the deposition conditions is shown in Table 6
and a photograph of the D. C. plasma generated during deposition is shown in Fig. 5. After
the deposition was over, the films were post-annealed in the same vacuum chamber at 473 K
for 30 minutes to 150 minutes (at pressure 0.2 mbar) maintaining the oxygen flow to induce
nonstoichiometry in the film, which is an important precondition for enhancing p-type
conductivity of the film.

Table 6. Summary of deposition parameters for D. C. sputtered films [160]

Electrode distance : 1.8 cm
Sputtering Voltage : 1.1kV
Current Density : 10 mA / cm,
Substrates : Si (400), glass
Base pressure : 10-6 mbar
Sputtering Gasses : Ar & O, (3 : 2 volume ratio)
Deposition Pressure : 0.2 mbar
Substrate Temperature : 453 K
Deposition Time : 4 hr
Post-annealing time : 30 to 150 min
Post-annealing temperature : 473 K
Post-annealing atmosphere : 02 (0.2 mbar)

Figure 5. Photograph of D. C. sputtering plasma.
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4.2. Synthesis of CuAlQO; Film by Reactive Sputtering

The reactive d.c. sputtering technique also involved three steps:

(a) Target preparation

Firstly, a mixture of ultra pure copper and aluminum powders (99.99 %) were taken with
Cu / Al atomic ratio as 1 : 1 and then they were mixed thoroughly for 1% hour. The mixture
was then pelletized into a grooved aluminium holder by hydrostatic pressure of 150 Kgf / cm’
to use as target for sputtering.

(b) Substrate cleaning

The substrates used, were glass and Si (400). The substrate cleaning procedure was same
as that one described in Section 4.1.

(¢) Film deposition

Negative terminal of the d.c. generator was connected with the target and the substrates
were placed on the grounded electrode. Si (400) and glass were used as substrates for film

DC CuAlO, powder Target preparation from Reactive
Sputtering N synthesis by sintering stoichiometric mixture of Sputtering
Cu,0 and ALL,O; Cu & Al metal powders

v

Ambient-temp, Target
low-time Preparation

deposition

Deposition of P-CuAlQ, thin films
by both routes

Formation of
nanocrystalline p-
CuAlQ; film

Structural, Electrical - —
and Optical Field-emission

Characterization studies

Existing n-ZnO, ITO
synthesis methodology v
(sol-gel)

abrication of all transparent
n-ZnO/p-CuAlO,
heterojunction

Figure 6(a). Layout of Deposition and characterization process.
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deposition. Prior to the deposition, the chamber was evacuated by standard rotary and
diffusion pumping arrangements to a base pressure of 10 mbar. Subsequently, the chamber
was flushed with Ar several times and then the target was pre-sputtered at 0.05 mbar in Ar
atmosphere for 10 minutes to remove contaminations, if any, present on the target surface.
The summary of the deposition conditions is shown in Table 7. After every 2 hours of
deposition, the films were post annealed in the same vacuum chamber at 493 K for 1 hour.(at
pressure 0.2 mbar) maintaining the oxygen flow to induce excess oxygen into the film to
increase p-type semiconductivity of the film. A simple flow-chart describing the steps
followed for the preparation and characterization of CuAlO, thin film by D.C. and reactive
sputtering is shown in Fig. 6(a).

Table 7. Summary of deposition parameters by reactive D. C. sputtering [161]

Electrode distance : 1.8 cm
Sputtering Voltage : 1.0 kV
Current density : 12 mA / cn®
Substrates : Si (400), glass
Base pressure : 10° mbar
Sputtering gasses : Ar & O, (3:2 volume ratio)
Deposition pressure : 0.2 mbar
Substrate temperature : 475 K
Deposition Time : 4 hr
Post-annealing time : 60 min
Post-annealing temperature : 493 K
Post-annealing atmosphere : 0O, (0.2 mbar)

4.3. Synthesis of CuAlO; Film by Wet-Chemical Dip-Coating
Technique

The wet-chemical synthesis procedure also involved three steps:
i) Sol preparation

The sol required for deposition of the films was prepared as described in the following
steps. Firstly, 2.5 cc of concentrated HCI was added slowly to 0.015 moles of cuprous
chloride (CuCl, 99.99%) and the solution was stirred continuously by a magnetic stirrer.
During the stirring process, further addition of 4 - 5 drops (0.2 cc) of HCI to the solution was
done until all the salts were dissolved into it. On the other hand, another solution was
prepared by adding 30 cc of distilled water drop by drop to 0.015 moles of aluminium
chloride (AICI3, 99.9%) to dissolve it completely. Two solutions were then mixed and 50 cc
of distilled water was also added to it. The mixed solution was then stirred continuously at an
elevated temperature of 859 C for 2 hrs. During the stirring process, 0.002 moles (approx.) of
NaOH pellets (99.99%) were added to the solution to control the pH value around 2. In the
resulting solution, the concentrations of Cu and Al were calculated to be 0.187 moles / liter
each. The solution was then aged for 3 hrs to get the required sol which was used for dip
coating process.
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(ii) Substrate cleaning

The substrates used, were glass and Si (400). The substrate cleaning procedure was same
as that one described in Section 4.1.

(iii) Dip-coating

Substrates were first dipped into and then withdrawn vertically from the solution slowly
at the rate of 6 cm / min for 12 to 15 times. Between two successive dipping, the substrate
along with the sol was dried at ~ 100° C - 120° C to have quick geletion. After the dipping,
withdrawing and drying procedure, the resulting films were annealed at ~ 480° C to 500° C in
air for 3 hrs to form the desired copper aluminium oxide thin film. A flow chart of the dip-
coating procedure is shown in Fig. 6(b).

HCl Cu source-CuCl Water
+ < Small amount of NaOH
Al source- AlCl; pellets were added to
keep the pH of the
solution around 2

Water [———P Mixed Solution

v

Stirring (at 85 °C, for 2 hours)

v

Aging (for 3 hours)

v

Dip-coating (@ 6 cm min™)

v

Heating the coated
substrate (at 120 °C)
between two successive

dipping

h 4
Annealing the coated substrate in
air (at 500 °C, for 3 hours) —
FORMATION OF THE
REQUIRED FILM

Figure 6(b). Flow Chart of wet-chemical dip-coating process for CuAlO, thin films.
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4.4. Characterizations of the Films

Structural properties of the films were investigated by X-Ray Diffraction (XRD)
measurements. The films were deposited on Si (400) and glass substrates. A Bruker X-ray
diffractometer (D8, AXS, ADVANCE) was used for recording the diffraction traces of the
films in O - 20 mode. Germanium (022) monocromator was used for CuK, (1.4506 A)
radiation from a highly stabilized Bruker X-ray generator (K 780). Diffraction traces were
recorded at room temperature. Another X-ray diffractometer (Philips PW 1730 / PW 1710, by
CuKa line) was also used for structural studies of some of the samples.

Surface morphology and microstructural properties of the films were studied by Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) respectively. An
SEM (JEOL, JSM 5200) was used to determine the growth and morphology of the samples.
The resolution of the instrument was 5.5 nm. It is designed to operate at voltages between 1 to
25 kV (7 steps). The magnification could be varied 15 X to 200,000 X (25 steps). Probe-
current range was 10"? to 107 A. The instrument can be operated in two types of image
modes e.g. Secondary Electron Image (SEI) and Backscattered Electron Image (BEI). The
camera was 35 mm, single-lens reflex type (MP 35051, CSI 3) with focal length = 50 mm.

A TEM (HITACHI H 600) was used to study the microstructure of the film. The
instrument has a guaranteed resolution of 2.04 A. But the resolution attained during routine
measurement was 8—10 A. Magnification could be varied from 100 X to 30,000 X with
accelerating voltage 25, 50, 75 or 100 kV. Selected area electron diffraction pattern (SAED)
could be obtained with diffraction camera length 0.2 to 1.6 m.

For SEM studies, films were deposited on both glass and Si substrates whereas for TEM
studies, films were deposited directly on carbon coated Cu-grids. The film thickness in this
case were maintained between 50 — 100 nm by reducing the deposition time.

Compositions of the films were determined from an Energy Dispersive X-Ray (EDAX,
Leica S-440 Oxford ISIS) instrument. The instrument has the capability to detect elements
from Boron (5) to Uranium (92).

The optical transmittance (T) and reflectance (R) spectra of the films were measured by
UV-Vis-NIR spectrophotometer and different bonding information were obtained from
Fourier Transformed Infra-Red spectroscopy (FT-IR). A Shimadzu-UV-3101-PC
spectrophotometer was used to determine the optical properties. It is a double beam
spectrophotometer with integrating sphere attachment for reflectance measurement within the
wavelength range of 190 nm to 2600 nm. The attachment is mainly used for measurement of
both transmittance as well as diffuse/specular reflectance of the films. The integrating 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 as reference, and hence the spectrum gives transmittance and
reflectance of the films only. Another Hitachi (U 3410) spectrophotometer was used to
measure transmittance spectra of some samples. The wavelength for this instrument could be
varied from 180 to 3500 nm.

A Nicolet Magna (IR-750 Series-1I) FT-IR was used to obtain different bonding
information in the sample. The resolution of the instrument was 4 cm™ with the wavenumber
range of 4000 cm™ to 400 cm™'. Number of scan steps was 50.

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
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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. Films were deposited on glass substrates.

Thermoelectric power (TEP) 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 coefficient), 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 temperature 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 thermoemfs generated between the hot
and cold ends of the sample, at different hot-end temperatures, were used to determine the
Seebeck coefficients (S) of the material. The entire system was kept under vacuum condition.

For room temperature 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, India) with 4 inches pole pieces was used alongwith a stabilized
power supply (Current range — 0 to 6 A, Voltage range — 0 to 100 V) 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 10 K Gauss. The field
within the measuring system was determined by using Differential Gaussmeter. Flow-
diagram of various characterizations done on the CuAlO, films are furnished in Fig. 6(c), 6(d)
and 6(e).

Structural and compositional analyses of CuAlQ, thin film
Crystallinity Microstructure Surface Composition
¢ morphology ¢
XRD TEM EDX
/ \ Y\ ’ !
Crystallite Strain SAED Particle SEM Atomic
size ¢ size / \ ratio
Crystallinity Surface )
and d-values roughness Thickness
Phase v (C/S)
formation & Grain Def@ct
d-values size chemistry

Figure 6(c). Flow-chart of structural characterizations and compositional analyses of CuAlO, thin film.
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Figure 6(d). Flow-chart of optical characterizations CuAlO, thin film.
Electrical characterizations and field-emission studies of CuAlQ, thin film
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Figure 6(e). Flow-chart for the Electrical and FE characterizations of CuAlO; thin film.
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5. Results and Discussion

5.1. Properties of D. C. Sputtered Films
i) X-ray diffraction studies

X-ray diffraction study in thin film technology is essential to identify proper phase
formation of the required polycrystalline films as well as the degree of crystallinity of the
materials. In this section we present the results of the XRD analyses of sintered CuAlO, target
as well as thin films prepared both by D. C. and reactive D. C. sputtering methods. Also the
semiquantitative information of strain and particle size of the films are obtained from the
XRD data.

Fig. 7 shows the X-ray diffraction pattern (XRD) of the synthesized CuAlO, powder,
which was used for target preparation. 20 values for the scanned pattern range from 10 degree
to 100 degree. The peaks of the powdered material are identified to originate from (006),

(101), (012), (104), (107), (018), (110), (0012), (116), (202) and (119) reflections. This

pattern closely reflects the rhombohedral crystal structure with R3m space group [113].
From the XRD pattern it is observed that the target material contains no unreacted species,
such as Cu,0 or Al,O;5 or any other phase of copper aluminium oxide (e.g. CuyAl,O4). The
crystallographic data and bond lengths of CuAlO; are furnished in Table 1.

The sintered powder was then pressed into a pellet and used for the target of D. C.
sputtering. The films were deposited on both glass and Si (400) substrates. After deposition,
the films were post annealed in oxygen atmosphere (0.2 mbar). Post — deposition annealing
times (t,) were varied from 30 min to 150 min to observe any variation in structural,
morphological, optical and electrical properties of the films.
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Figure 7. X-ray diffraction pattern of the synthesized CuAlO, powder.
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Fig. 8(a) shows the XRD pattern of the D. C. sputter-deposited CuAlO, thin film on Si
(400) substrate for post-deposition oxygen annealing time (t,) 60 min. The XRD pattern
shows a strong (006) orientation. Two other small peaks e.g. (003) and (018) have also been
observed in the pattern. It is worthwhile to mention that, for XRD patterns of CuAlO,
powdered samples, Kawazoe et al [64] and Yanagi et al. [67] previously reported a high (012)
orientation, whereas for the thin films deposited on sapphire substrates by PLD method, they
observed a strong (006) orientation. For the XRD pattern of our CuAlO, powder, we observed
a maximum intensity at (101) peak as shown in Fig. 7, whereas the CuAlO, thin films
deposited by D. C. sputtering on Si substrate, a strong (006) orientation was observed as
reported previously [64, 67]. It is also noteworthy that the CuAlO, thin films deposited
previously by other techniques, such as R. F. sputtering [147], CVD [149-151], wet-chemical
method [153] etc., either the crystal quality of the films were not very good or the films were
phase impure (i.e. the films contained some amounts of impurity such as CuO, Cu,0,
Cu,Al,04 etc.). This would result in the poor electrical characteristics of those films. But as
evidenced from the XRD pattern of our D. C. sputter-deposited CuAlO, thin films, these
films are highly crystalline, and there are no unreacted species and any impurity present in the
films.
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Figure 8(a). XRD pattern of CuAlO, thin film deposited on Si substrate, with post-annealing time (t,)
60 min.

For the films deposited at other annealing times (t,) €.g. 30 min, 90 min, 120 min and 150
min, the XRD patterns show identical peaks and no significant changes have been observed in
the intensity of the peaks and, therefore, not shown here. This is probably because, in all
cases, the annealing temperature was kept fixed (at 473 K) and the lowest time of annealing
(i.e. 30 min) of our films may be sufficient enough to saturate the grain growth at that
particular deposition temperature (473 K) and, hence, no further change in the XRD patterns
of our films with increase in post-annealing time was observed. This indicates that in our
case, post deposition annealing time has no (or almost insignificant) effect on the structural
properties of the films. Fig. 8(b) shows the film deposited on glass substrates with 60 min



36

Arghya N. Banerjee and Kalyan K. Chattopadhyay

post-annealing time. The figure shows similar peaks as that deposited on Si substrate [Fig.
8(a)], but the intensities of the peaks were slightly lesser and the peak-sizes were slightly
broader than that deposited on Si substrates. Table 8 shows the comparison between the
theoretical d-values given in JCPDS file and observed d-values obtained from XRD data of

sintered CuAlO, powder (Fig. 7), D. C. sputtered CuAlO, thin film (Fig. 8).

Figure 8(b). XRD pattern of CuAlO, thin film deposited on Si substrate, with post-annealing time (t,)

60 min.

Table 8 Comparison between the theoretical d-values, observed d-values of CuAlO,
powder, D. C. sputtered and reactive D. C. sputtered CuAlQO, thin films.
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20 (deg.)

Observed
d-values from JCPDS Observed d-values for CuAlO, thin film
file card d-values for CuAlO, deposited by D. C. sputtering on
hkl # 35-1401 powder .
Si substrate
(dyceps) (dpowaer) (dpcsputier)
@) @) 7y
003 5.610 - 5.700
006 2.820 2.830 2.800
101 2.440 2.450 -
012 2.376 2.378 -
104 2.133 2.133 -
107 1.732 1.732 -
018 1.612 1.611 1.620
110 1.426 1.428 -—-
0012 1.401 1.401 -
116 1.274 1.275 -
202 1.225 1.225 -
119 1.148 1.140 ---

The information on particle size of very small crystallites from the measured Full-
Widths-at-Half-Maximum (FWHM) of the diffraction peaks can be estimated from the well-

known Scherrer formula [230]
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L - XA 3)
B, cos@

where L is the particle size, 3; is the particle-broadening of diffraction peaks measured at
FWHM of the peak at a certain 20 value, x is a correction factor (= 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 [230]. Although the grain size of our sample is not clearly determined from SEM
micrograph (shown in Ref. [160]), but a rough estimation shows that it may fall within the
limit mentioned above and, therefore, we have used the term “particle size” here.

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 usually
is 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 non-uniform 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 non-uniform then the
diffraction peak will be broadened, which is called “strain broadening” [230]. The relation
between this broadening and the strain can be obtained by differentiating the Bragg’s law as
follows [230]:

2Ad Sin@ + 2dCos@ A = 0

= AO = —A—dtanﬁ
d
- AQR0) = —-2¢tanb; [Ad/d=¢]
- AB = -2¢tanb; [B = 20] )

where AP 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, 0 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
compressive strain alone, if these two are assumed equal. Hence the equation for strain
broadening for only one type of strain will be

A = -—¢&tané (%)
Now if both the effect of “particle-size broadening” and “strain-broadening” is taken into

consideration, then the total broadening (B) can be expressed as a linear combination of
equations 3 and 5 as follows [231]:
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A

= +| A =—+ tan @
g B +1AB| TCong T £t
p Cos@ 1 ¢ Sinf
= 277 - (6)
A L A

where [3 is the FWHM of the observed peaks, L is the effective particle size, ¢ is the effective
P Cos0 Sin6
vs.

strain. A plot of s will be a straight-line, slope of which will give the

p Cos@

estimation of the effective strain, whereas the intercept on T axis will carry the

p Cos@ Sind

information of the effective particle size. Fig. 9 represents the plot of ) vs. ,

A
obtained from the XRD pattern of the CuAlO, thin film deposited by D. C. sputtering on Si
substrate, with t, = 60 min (shown in Fig. 8(a)). Slope of the graph depicts the strain value as
8.52 x 107 and the intercept on y-axis gives the particle size as ~ 26 nm.
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Figure 9. Plot to determine strain & particle size of CuAlO, thin film deposited by D. C. sputtering,
with t, = 60 min.

(ii) Compositional analyses

Compositional analyses of the D. C. sputtered films deposited with various post-
deposition oxygen annealing times (t,) were done by EDX measurements. Results suggest
slight deviation from the stoichiometric composition within the films with increase in post-
deposition oxygen-annealing time (t,). The percentage of excess oxygen within the films
ranges from 0.5 at % (for annealing time 30 min) to 10 at % (for the films annealed for 120
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min and above) over stoichiometric value. The Cu : Al stoichiometry remained close to 1 : 1
for all the samples (i.e. in the ratio Cu : Al : O =1 : 1 : 2+x, percentage of x w.r.t. 2 is given
here). Previously, Gao and co-authors [154] also observed similar 1:1 atomic ratio of Cu:Al
(more precisely 1.06:1.00, and taken as unity within experimental error) in their
nanocrystalline CuAlO, thin film from EDX analysis. We have observed that for the films
post-annealed for 30, 60 and 90 min, the percentages of excess oxygen were around 0.5 at %,
2.5 at % and 5 at % respectively over stoichiometric value. Compositional analyses of the
films post-annealed for 120 min and above, show percentage of excess oxygen within the
films more than 10 at % over stoichiometric value. Table 9 shows the composition of D. C.
sputtered CuAlO, thin films for different values of t, and corresponding chemical formula
of the material. These “excess” oxygen atoms are supposed to lie in the lattice positions and
(or) interstitial positions and produce enhanced p-type conductivity of the films, which will be
discussed in details in later chapters.

Table 9. Composition of D. C. sputtered CuAlQO, thin films for different values of t,.

Post-annealing time (t,) Cu / Al ratio Atomic % of Chemical formula
(min) excess oxygen of the film
30 1 0.5 CuAlOz,m
60 1 2.5 CUAIOZAOS
90 1 5.0 CuAlO;
120 1 10.0 CuAlOz,zo
150 1 12.0 CuAlO; .4

(iii) FT-IR studies

Fourier Transform Infra-red spectroscopic (FT-IR) analyses of D.C. sputtered CuAlO,
thin films were performed. Films were deposited on Si substrates. Wavenumber varied from
400 cm™ to 4000 cm™. Fig. 10 represents the FT-IR spectra of the CuAlO, film deposited by
D. C. sputtering technique and post-annealed for 60 min. All bands have been assigned to the
absorption peaks of Cu-O, O-Cu-O, Al-O bond vibrations. The broad peak ranging from 500
em ' to 900 cm ' is actually consisting of a number of peaks, which can be obtained by
deconvoluting the peak. The absorption peaks near 550 cm ' and 600 cm™' may be assigned to
Cu-O stretching vibration and O-Cu-O antisymmetric vibration respectively. The peak around
600 cm ' originates due to Al-O stretching vibration in AlOg octahedra of CuAlO, structure.
Peaks ranging from 700 cm ' to 900 cm! may be assigned to short Al-O stretching vibrations
in distorted AlOg octahedra. Peak around 1000 cm™' may be assigned to Si-O-Al vibration,
which occurs due to Si substrate used [232, 233]. Peak at 2349 cm ' is a CO, peak and the
broad peak around 3000 cm’ - 3500 cm™ is due to O-H stretching vibration, which may be
incorporated from the atmospheric contaminations. From the literature survey, it becomes
clear that there is no reported study on FT-IR of the CuAlO,. So there may remain some
unidentified peaks, such as ~ 1633 cm™ in our FT-IR spectra. It must be mentioned here that
the assignments of the peaks for different vibrational modes of CuAlO; is a simplification of
the vibrational treatment of different inorganic aluminates as well as copper complexes in
organic solvents. A rigorous vibrational treatment of inorganic solids is generally very
difficult. Strictly speaking, the different vibrational modes are those of the whole unit cell of
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Figure 10 FT-IR spectrum of CuAlQ, thin film deposited by D.C. sputtering on Si substrate.

the crystal and, therefore, the number of fundamental frequencies are quite high and,
hence,detailed assignment of the observed frequencies to the vibrational modes is nearly
impossible [233]. In such cases, simplified methods have been applied as follows [233-235]:
if a solid AB,0, is constituted of AO,, and BO, coordinated groups, two extreme cases must
be considered:

a) If the AO, and BO, groups have different vibrational frequencies, then the
vibrational interactions between these groups are weak and, therefore, neglected. The
groups are assumed to be vibrating ‘independently’ [236].

b) If the AO, and BO, groups have similar vibrational frequencies, then the vibrational
interactions between the groups are very large and the vibrations of those groups are
taken as a whole [235].

Between these extreme cases, a number of intermediate cases are characterized by weak
or moderate interactions [234]. It is quite evident that the assignment of an absorption peak to
a vibrational mode of a given coordinated group is meaningful only if the concept of
“independent” vibrations is a good approximation for the group under consideration. Now, as
CuAlQ; is a layered-structured material with AlOg octahedral layers connected by O-Cu-O
dumbbell layers (shown in Fig. 2b), the two layers may be approximated to be vibrating
independently. This argument seems reasonable if we theoretically calculate the vibrational
frequencies of Cu-O and Al-O bonds. From the equation of simple harmonic oscillator, the
frequency of oscillation will be expressed as

2\ u
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where v is the vibrational frequency, K is the force constant of the bond, p is the reduced
mass. For Cu-O, pcyo = 2.12 x 102 gm and K = 2.25 x 10° dynes cm’. For Al-O, ppro =
167 x 10% gm and K = 2.60 x 10° dynes cm” [232]. Calculations show that

Veu-o =546.798 cm™ and vaio = 66235 cm™. Although these values will be quite

different from the ‘actual’ values when these bond vibrations will be influenced by the
neighboring atoms of a three-dimensional network, but, here we are concerned about the
difference between the above-mentioned two values. As these values are fairly different,
therefore, our argument of independent vibrations of the two coordinated groups in CuAlO; is
reasonable. And, that is why, we assigned the broad peaks around 400 cm™ to 700 cm™ shown
in Fig. 10 to the absorption peaks of Cu-O, O-Cu-O, Al-O bond vibrations.

But, strictly speaking, the concept of ‘independent’ vibration is an approximate one
because there is always a more or less important influence of neighboring groups to a certain
bond vibration. Also the vibrational frequencies are influenced by any distortion or
deformation of the coordinated groups (which is very frequent in thin films). Another
additional effect may be present where the coordinated groups are interlinked by common
oxygen atoms (as in our case) to form a chain or sheet or three-dimensional network. This
affects the vibrational frequencies of a certain bond vibration. As a consequence, the
calculated frequencies and the observed values will be quite different. That is why in our
cases we have not assigned a vibrational mode to certain frequency, rather to a range of
frequencies.

(iv) 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 determination 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
CuAlO, thin films in details. Three types of films with different post-deposition annealing
times (t, = 30, 60 and 90 min) were studied. Fig. 11, 12 & 13 show the transmittance (T) and
reflectance (R) spectra of the films with t, = 60, 90 and 30 min respectively. The films were
deposited on glass substrates, taking similar glass as reference. Hence the spectra are for the
film only. The thicknesses of all the films were 500 nm. Slight noises present around 800 nm
to 900 nm in all the graphs are artifacts of detector crossover.

The transmittance (T), reflectance (R) and absorption coefficient (o) of a specimen is
related by the equation [237]

s (=R ™ ©
| r2, 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 2" term of the denominator of eqn. (8) and rewrite it as [237, 238]
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T ~ (1-R)2e ™ ©)
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; & d,, o can be obtained from
the relation [237]
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Figure 11. Transmittance (T) and reflectance (R) spectra of CuAlQO, thin film, post annealed for 60 min.
The spectral range is from 300 nm to 1500 nm.
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Figure 12. UV-Vis-NIR spectra of D. C. sputtered CuAlO, thin film with t, = 90 min.
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Figure 13. UV-Vis-NIR spectra of D. C. sputtered CuAlO, thin film with t, = 30 min.

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
A2) at two adjacent maxima. The expression will be [237]

)

=)

n

(11

Now, according to the schematic diagram shown in Fig. 14, in the spectral region of
fundamental absorption, as a first approximation, T, R and o will be related by the following
equation [239] (here, we have neglect the internal multiple reflections for TCOs, unlike Eqgs.
8 and 9)

T ~ (1-Re %4 (12)
and
02,2
R (nl)% (13)
(n+1)" +k

where n is the refractive index and k is the extinction coefficient, which is related to the
wavelength (A) and absorption coefficient (o) by the following equation:

Aa
k = == 14
e (14)
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Figure 14. Schematic diagram of incident (I,), reflected (I,R) and transmitted [IO(I-R)e'“d] rays in a thin
film of thickness d. Multiple internal reflections are neglected.

Now, for transparent medium (as in our p-CuAlO, films), k* « (n-1)* and Eq. 13 will be

reduced to
1+ \/E

= 15
_JR (15)

and the absorption coefficients (o) can be calculated by rewriting Eq. 12 as

1 I1-R
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Figure 15(a). Energy dependence of absorption coefficient of CuAlO, thin film, post-annealed for 60
min.
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Figure 15(b). Spectral variation of refractive indices (n) and extinction coefficients (k) of CuAlO, thin
film post-annealed for 60 min.

Fig. 15(a) and (b) show the spectral variation of o, k and n of CuAlO; thin film post-
annealed for 60 min. It has been observed that the refractive index varies between 1.2 to 2.1
in the wavelength range of 300 nm to 1500 nm. Although there are no reported data on the
refractive indices of CuAlO, thin film, but these data are reasonable when compared with
other TCOs such as ITO (1.75 to 2.0 in the wavelength range of 400-1200 nm [240]) and
CdO (1.31 to 2.84 in the wavelength range of 500 — 2500 nm [241]).
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Figure 16(a) Energy dependence of absorption coefficient of CuAlO, thin film, post-annealed for 90

min.
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Figure 16(b). Spectral variation of refractive indices (n) and extinction coefficients (k) of CuAlO, thin
film post-annealed for 90 min.

Fig. 16(a) and (b) show the spectral variation of a, k and n of CuAlO, thin film post-
annealed for 90 min, whereas Fig. 17(a) and (b) show the same for CuAlO, film post-
annealed for 30 min. In these cases also, we have observed the variation of n between 1.3 and
2.5 within the specified wavelength range. A comparative study of the average visible
transmittance, and the ranges of o and n of the three types of films (with different t,) are
furnished in Table 10.
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Figure 17(a). Energy dependence of absorption coefficient of CuAlO, thin film, post-annealed for 30
min.
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Figure 17(b). Spectral variation of refractive indices (n) and extinction coefficients (k) of CuAlO, thin

film post-annealed for 30 min.

Table 10. Comparison of different optical parameters of three types of CuAlO; thin

films with different post-annealing times (t,).

t, Average visible Range.of Range .of Bandgap (E,)
Film No. transmittance re.efra.ctlve abSOI:pthIl R R
(min) %) indices coefﬁcufr]lt (ot) | Direct | Indirect
(n) (cm™) (eV) (eV)
34x10°
CAL-38 30 65 1.7-2.6 - 3.81 2.8
7.0 x 10*
2.3x 107
CAL-33 60 80 1.2-2.1 - 3.7 2.1
59x 10*
9.9x 10"
CAL-45 90 75 1.3-22 - 3.8 2.32
9.4x 10°*

In the range of the onset of absorption edge, the absorption coefficients (a) can be
described by the relation for parabolic bands, i.e. [237, 238].

|
(ahv)4 = A(hv - Eg)

(17)
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where E, is the band gap 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

k%
* % mm S
3
62(27’1,:}/”6 )A 62( *h e*)é
. . . .. m, +m
transition, A m, +m, _ for direct forbidden transition, A:ﬂ h e . and
~T A % k ok ’
nehim' 3 nchzm m, hv
e e h
* £ %
for indirect allowed transition, A « (m, m) ; (n = refractive index of the material,
7[4 h6
* * ) )
mh & me are the effective masses of holes and electrons respectively) [242]. To

|
determine the possible transitions, (ahv)4 vs. hy were plotted for different values of n.

1
The (ah V)2 vs.hy and (o h V)A vs, hy plots for three types of films post-annealed for 90

min, 60 min and 30 min are shown in Fig. 18(a), (b) and (c) respectively. Extrapolating the
linear portion of the graphs to the hy axis we have obtained the direct and indirect band gaps
as ~3.8 eV and 2.32 eV for the sample post-annealed for 90 min respectively, ~3.7 eV and 2.1
eV for the sample with t, = 60 min and ~3.81 eV and 2.8 eV for the sample post-annealed for
30 min respectively (shown in Table 10). These values are comparable to those reported
previously by Kawazoe et al (3.5 eV)[64] and Yanagi et al (3.5 eV & 1.8 eV) [67] for their
pulsed laser deposited CuAlO; thin films and also fall in the range theoretically calculated by
Robertson et al (3.91 eV & 2.1 V) [106]. Also Stauber et al [145] obtained the direct
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Figure 18(a). Determination of bandgaps of CuAlO; thin film post-annealed for 90 min.
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Figure 18(b). Determination of bandgaps of CuAlO, thin film post-annealed for 60 min.

bandgap of their R. F. sputter deposited CuAlO, thin film around 3.5 eV whereas Wang and
Gong [149] reported the direct bandgap of their plasma enhanced chemical vapor deposited
(PECVD) copper aluminum oxide films around 3.6 to 3.75 eV.
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Figure 18(c). Determination of bandgaps of CuAlO; thin film post-annealed for 30 min.
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) Electrical properties and Hall studies

Electrical properties of CuAlO, 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. Fig. 19 shows [-V
characteristics of one contact at room temperature indicating ohmic nature of it over the
voltage range upto 150 V.
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Figure 19. Verification of ohmic nature of the contacts.

The thermally activated conduction of a semiconductor can be given by the relation [142]

E

c = o, exp[—#] (18)

where o) is a temperature independent factor, E, is the activation energy of the material. For
p-type semiconductor (as in our p-CuAlO, sample), this is the energy difference between the
acceptor level and the top of the valence. Therefore, a plot of Inc vs. 1/T should be a straight-
line whose slope would carry the information of the activation energy of the material. We
have determined the temperature dependence of conductivity of D. C. sputtered CuAlO, thin
films for several sets of samples having different post-deposition oxygen-annealing times (t,)
ranging from 30 min 150 min respectively and observed any variation in the electrical
characteristics of these films and then tried to explain it. Fig. 20 represents the temperature
variation (from 300 K to 575 K) of the conductivity (o) of the films for t, = 30, 60, 90, 120
and 150 min. The thickness of the films was around 500 nm estimated from cross-sectional
SEM. An increase in the room temperature conductivity (crr) was observed with the increase
in annealing times (t,) upto 90 min. (For example, films with t, = 90, 60 and 30 min, ogrt =
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0.39, 0.16 and 0.09 S cm™ respectively). The conductivities range from a minimum of 0.014
S ¢cm’ (for t, = 150 min) to a maximum of 5.0 S cm’! (for t, = 90 min) in the above
temperature range. Previously, Kawazoe et al. [64] and Yanagi et al. [67] obtained the room-
temperature conductivities for their pulsed laser deposited CuAlO, thin films on sapphire
substrates as 0.095 S cm™ and 0.34 S cm™' respectively. These values are quite comparable to
our films post-annealed for 30 min and 90 min respectively.

Defect chemistry plays an important role for the increase in p-type conductivity of this
material. Metal deficit (or excess oxygen) within the crystallite sites of the material enhances
the p-type conductivity. This deviation from the stoichiometric composition of the
components can be induced by regulating the post-deposition annealing time (t,) in oxygen
atmosphere. A detailed discussion on nonsoichiometry and defect chemistry is given in
Section 3. Now re-writing Eq. 1 for CuAlO,, we get [222, 223]:

X - -3 +
0 +VCu+VAl +4h (19)

0,(8)=20
2
where Og, Vcyu, Var and h denote lattice oxygen, Cu vacancy, Al vacancy and hole
respectively. Superscripts ~, ~and © denote effective neutral, negative and positive charge
states respectively.
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Figure 20. Temperature variation of conductivity of CuAlO, thin films for five sets of samples post-
annealed for 30 min, 60 min, 90 min, 120 min and 150 min.

Composition analyses of the films [as given in the Section 5.1.(ii)] showed that for the
unannealed films, the composition is almost stoichiometric. But Hot-probe measurement
confirmed the p-type nature of these films. Therefore, it can be argued that some amount of
excess oxygen may be present in the unannealed films but the amount is so low that it could
not be measured within our experimental limit. This argument seems reasonable if we
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compare our result with the previously reported values where it has been stated that
intercalation of oxygen into the CuAlO, thin film was not easy [109] and Thomas [65]
suggested that the chemical formula of this material would be CuAlO,., with as low as 0.001
at % of excess oxygen (i.e. x = 1/50,000) over stoichiometric value within the film prepared
by Kawazoe et al [64]. Later Yanagi et al. [67] performed post-deposition oxygen annealing
of the films prepared by the same method as that of Kawazoe and co-authors [64] and
observed a significant increase in the carrier conduction within the films. Although they have
not reported the composition of the films, but this enhanced p-type conductivity is most
probably due to the presence of excess (nonstoichiometric) oxygen within the film, induced
due to post-annealing. Similarly, Wang and Gong [149] observed a significant increase in the
conductivity of their copper aluminum oxide films after annealing in air. This may be another
experimental proof of the suspected p-type conduction caused by excess oxygen. Following
this argument we have performed the post-deposition oxygen annealing of our films to induce
excess oxygen within the films for getting enhanced p-type conductivity. We have observed
that for the films post-annealed for 30, 60 and 90 min, the percentages of excess oxygen were
around 0.5 at %, 2.5 at % and 5 at % respectively over stoichiometric value (c.f. Table 9).
The Cu : Al stoichiometry remained close to 1 : 1 for all the samples. On the other hand, as
shown in Fig. 20, an increase in the conductivity with t, has been observed upto 90 min.
Although very little, but still, slight increase in the oxygen content within the films leads to an
increase in the conductivity of the films, supporting the above reasoning. But we have seen a
decrease in the conductivity when the annealing times were 120 min and above (for t, = 120
min, ort = 0.055 S cm’! and for t, = 150 min, ogr = 0.014 S cm'l, as shown in Fig. 20).
Compositional analyses of the films post-annealed for 120 min and above show percentage of
excess oxygen within the films more than 10 at % over stoichiometric value (cf. Table 9).
This suggests that although the presence of excess oxygen within the films (with t, = 120 min
and above) are evidenced but they are not acting favorably to increase the hole conductivity
within the films. These excess oxygen atoms, most probably, lay in the grain boundary
regions as trap states, which put hindrance in the carrier conduction and, hence, a decrease in
the conductivity of these films is observed. On the other hand, for the films post-annealed for
30, 60 and 90 min, show an increase in the conductivity along-with an increase in the excess
oxygen content within the films as mentioned earlier. Therefore, in these cases, the excess
oxygen atoms may be acting favorably to generate holes within the films. But it must be
admitted that the maximum conductivity obtained for our films was not as much as it would
have been. So, we suppose that in all cases, whether it is for the films with t, = 90 min or less
(when an increase in ¢ with t, was observed) or those with t, = 120 min or above (when a
decrease in ¢ with t, was observed), adsorbed oxygen atoms as ‘trapped states’ in the grain-
boundary regions are always present. In the previous section [Section 5.1(i)], we have
estimated the particle size of our films as 26 nm from XRD data. As the particle size is in
nanometer order, a large number of grain-boundaries are present in the films, so also
considerable amount of trapped states in these grain-boundary regions are present, which put
hindrance in the carrier conduction. But for the films with t, = 90 min or less, greater
proportion of excess oxygen may be acting favorably towards the hole generation and, hence,
dominate the grain-boundary scattering. This may be the reason for the increase in the
conductivity with t, in this region. On the other hand, for the films with t, = 120 min and
above, greater proportion of the excess oxygen atoms may be adsorbed in the grain-boundary
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regions, which probably be correlated with the larger time of exposure of these films in the
oxygen atmosphere [243]. Hence, grain-boundary scattering, masks the increase in the
conductivity and, therefore, we observe a decrease in o with t, in this region. But the exact
mechanism is still not fully understood.

The activation energies (E,), which correspond to the minimum energy required to
transfer carriers from acceptor level to the valence band (for p-type materials), have been
obtained from the slope of the graphs (Fig. 20). The values are 196, 245, 270, 284 and 325
meV for t, = 90, 60, 30, 120 and 150 min respectively. As expected, the sample with highest
conductivity has least E, value and vice-versa. These activation energy values are comparable
to the previously obtained values by Kawazoe et al. (200 meV) [64] and Yanagi et al. (220
meV)[67]).

Hall effect measurements were done for three types of samples with t, = 30, 60 and 90
min. All the Hall coefficients were positive, which confirms the p-type nature of the samples.
The Hall coefficient (Ry) for the sample with t, = 90 min (orr = 0.39 S cm’™), has been
obtained as + 4.6 cm® C' corresponding to a hole concentration (np) of 1.2 x 10" cm™. For
the sample with t, = 60 min (ocgrr =0.16 S cm'l), these values are +13.9 cm® C' and 4.5 x 10"
cm’ respectively. And for the sample with t, = 30 min (cgrr = 0.09 S cm'l), Ry and n, are
+22.5 cm® C! and 2.8 x 10"7 ecm™ respectively. For unannealed films as well as for the films
post-annealed for 120 min and above, the Hall measurements could not be performed, but the
p-type nature of the films was confirmed by Hot-probe method. Maximum carrier
concentration obtained by us is one order of magnitude higher than that reported by Kawazoe
et al. [64], but still one order less than that of Yanagi et al. [67]. Details of the different
electrical parameters of CuAlO, thin films are furnished in Table 11 and the variation of
these parameters with respect to t, is shown in Fig. 21 (a) and (b).
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Figure 21(a). Variations of room-temperature conductivity and activation energy of D. C. sputtered
CuAlO,; thin films with post-annealing times.
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Figure 21(b). Variations of room-temp carrier concentration and excess oxygen content.

Table 11. Different Electrical parameters of CuAlQ, thin films, deposited at different
annealing times.

t, ORT RH n, Ea .
(min) S cm'l) (cm3 C'l) (cm.3) (meV) Chemical formula
90 0.39 +4.60 1.2x 10" 196 CuAlO, o
60 0.16 +13.9 45x 10" 245 CuAlO; os
30 0.09 +22.5 2.8x 10" 270 CuAlO, o,
120 0.055 284 CuAlO; 5
150 0.014 325 CuAlO; 54
(vi) Thermoelectric properties

Thermoelectric properties of D. C. sputtered CuAlO, thin films have been studied for
three types of films having different post-deposition annealing times e.g. 30, 60 and 90 min.
The measurements were done from room temperature (300 K) to 550 K. Fig. 22 shows the
temperature dependence of Seebeck coefficients (S) for three types of films. All the Seebeck
coefficients are positive in nature, which again confirmed p-type nature of the films. Room
temperature Seebeck coefficients (Sgr) of the films were obtained as + 230 pV K™ (for t,= 90
min), +141 pV K (for t, = 60 min) and +120 pV K (for t, = 30 min). As shown in the
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figure, the Seebeck coefficients initially decrease from room-temperature to around 390 K
and then increase to almost +400 puV K, for further increase in temperature [244].
Previously, Kawazoe et al. [64] and Yanagi et al. [67] obtained the room temperature Seebeck
coefficients for their pulsed laser deposited CuAlO, thin film as +183 uV K™ and +214 pV K-
! respectively, very much comparable to our values. On the other hand, Koumoto et al. [223]
determined the Seebeck coefficient of CuAlO; single crystal as well as polycrystal at 600 K
around 180 pVv K and 150 uv K! respectively. Also Benko and Koffyberg [97] reported a
relatively high value of Sgr (670 uV K™') of CuAlO, powdered pellets. It has been observed
that, in our D. C. sputter-deposited CuAlO; thin film, Sgr increases with the increase in
conductivity of the films. This observation is consistent with the Hicks model [245, 246],
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:

_ SZO'T (20)
K

ZT

where ‘G’ is the electrical conductivity, ‘k’ is thermal conductivity and ‘S’ is the Seebeck
coefficient.
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Figure 22. Seebeck coefficient vs.1000 / T of CuAlO; thin films.

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 ¢ 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 Hick et al. [245, 246] was superlattice quantum-well
materials, having an effective two-dimensional density of states for carriers. This density of
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state is given by , where 'm' is the carrier mass and 'a' is the quantum-well width.

2
Th a

These authors assumed infinite potential barrier with zero barrier width and showed a
considerable increase in Z. Later, Lin-Chung et al. [247] and Broido et al. [248] 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,
[249], (ZnO)s5In,0O5 [250] and CuAlO; single crystal [223] etc.
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Figure 23. Layered-structure of CuAlO, showing the carriers confined in the ab-plane.

Structure of CuAlO, delafossite has been shown in Fig. 23 and described in details in
Section 3. The crystal structure is an alternative stacking of Cu' and layers of nominal AlO,
composition consisting of Al-Og octahedra sharing edges. Each Cu atom is linearly
coordinated with two oxygen atoms to form a O-Cu-O dumbbell unit placed parallel to the c-
axis. O-atoms of O-Cu-O dumbbell link all Cu layers with the AlO, layers [99]. This structure
suggests that CuAlO, has a layered structure where carriers can easily move two-
dimensionally along ab-plane than to move across the Al-O insulating layers. In the XRD
pattern of our CuAlO, thin film (shown in Fig. 8, section 5.1), 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.c. ¢ ||n). Now, according to our
experimental set up (cf. section 4.4), 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. [223] suggested that 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. [251] suggested that spin entropy might be responsible
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for enhanced thermopower in Na,Co,0,4 having layered structure [249]. Whether this can be
correlated with the good thermoelectric properties of CuAlO,, is a question and intense
research is needed in this direction.

The variation of thermo-electric power (S) with temperature is given by [252]:

AE
k f
S=—(A + 20
e( kT) (20)
with
5
A=——ys 21
> (21)
and
_ )
r=7e (22)

[P}

where ‘k’ is the Boltzmann constant, ‘e’ is the electronic charge, ‘AEf is the energy
difference between Fermi level and the upper edge of the valence band, ‘1’ is the relaxation
time for electron scattering, ‘s’ is a constant, which is different for different scattering
mechanism and ‘t,’ is a constant, which is a function of temperature but independent of the
electronic charge, e.

From Eq. 20, we can obtain the Fermi level (E¢), from the slope of the S vs. 1/T graph.
From the Fig. 22, we determined the Fermi energies for three types of samples from the linear
portion of the graphs near room temperature, and the values are 130, 151 and 200 meV for t,
=90, 60 and 30 min respectively. Previously, Benko and Koffyberg [97] have determined the
Fermi energy of CuAlO, powder (¢ = 1.69 x 107 S cm') from the thermopower
measurement, as 190 meV, which is comparable to our sample having lowest room
temperature conductivity (orr = 0.09 S cm™, t, = 30 min). As previously mentioned, from the
slope of the In o vs. 1000/T plots (Fig. 20), we have obtained the activation energy (E,)
values, which give the estimation of acceptor levels. Comparing these values with the values
of Fermi levels, 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 non-degenerate p-
type semiconducting material with acceptors not fully ionized. Hence a continuous increase in
conductivity with temperature was observed for all three types of samples. Also it has been
observed that the sample with maximum conductivity has its Fermi level nearest to the
valence band, which is obvious for a p-type material. The values of various thermoelectric
parameters of the D. C. sputtered CuAlO, thin films are furnished in Table 12 and a
comparison between the activation energy (E,) and Fermi energy (Ey) is also given in Table
12. Fig. 24 represents the temperature dependence of thermoelectric power factor (6S?) of
CuAlO; thin film for the temperature range of 300 K to 500 K. The values range from 1.1 x
107 Wm™'K™? at a temperature around 300 K (for t, = 30 min) to 7.5 x 10° Wm'K? around
500 K (for t, = 90 min). Koumoto et al. [223] obtained these values roughly as 1.12 x 10~
Wm'K? at 550 K for CuAlO, single crystal and 7.1 x10°® Wm™'K? at 700 K for CuAlO,
polycrystal. Also Park et al [253] obtained the power factor for CuAlO, ceramic as 2 x 107
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Wm'K™? at 550 K. These values are comparable to the values reported by us. Also, recently
Kurotori and co-authors [254] reported significant increase in the thermoelectric properties of
CuAlO,, 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.

Table 12. Different thermoelectric properties of D. C. sputtered CuAlQO; thin films with
different post-deposition oxygen annealing times (t,).

ta SRT Ea Ef GSZ
(min) (rV K" (meV) (meV) (Wm'K?
90 +230 196 130 2.16x 10°
60 +141 245 151 2.43x 107
30 +120 270 200 1.10x 107

-7.5 T T T T T T T T T
280 320 360 400 440 480

T (K)

Figure 24. Thermoelectric power factor vs. temperature of CuAlO, thin films.

5.2. Properties of Reactive Sputtered Films

i) X-ray diffraction studies

We have also prepared the CuAlO,; thin films by reactive D. C. sputtering technique.
Details of the experimental conditions are furnished in Section-4.2. Fig. 25(a) shows the
XRD spectrum of the reactive D. C. sputtered CuAlO, thin film deposited on Si (400)
substrate. It shows a strong (006) orientation. Similar orientations was observed by previous
workers [64, 67] for their pulsed laser deposited film as well as by ours DC sputter deposited
CuAlO; thin films [160]. Alongwith the above peak, other peaks were also observed in the
XRD spectrum, which could be assigned for (003), (101), (012), (104) and (018) reflections
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of crystalline CuAlO,. Also no peaks corresponding to starting materials e.g. Cu and Al metal
powders as well as their oxides, were found in the pattern. This conclusively inferred that the
reactants were completely mixed to give the proper phase of the copper aluminium oxide and
no residual metal oxides remained in the film. It is to be noted that previously Ong and Gong
[146] deposited copper aluminum oxide thin films by R. F. magnetron reactive co-sputtering
of Cu and Al metal targets, whereas Tsuboi and co-authors [147] used D. C. reactive
sputtering of facing targets of Cu and Al metals and a rotating substrate. But they obtained
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Figure 25(a). XRD pattern of the reactive D. C. sputtered CuAlO, thin film.
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Figure 25(b). Plot to determine strain and particle size of CuAlQO, thin film deposited by reactive D. C.
sputtering.
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phase impure films. Also the crystallinity of the films was poor. XRD pattern of our reactive
D. C. sputtered film shows better crystallinity, resulting in good electrical properties of the

o . . p Cos@ Siné
films as described in later chapters. Fig. 25(b) gives the plot of P Vvs. i From

the slope and intercept, the strain and particle size were determined according to Eq. 6. These
values were found to be ~ 32 nm and 2.7 x 10 respectively.

Table 13 shows the comparison between the theoretical d-values obtained from JCPDS
file (djcpps) and observed d-values obtained from XRD data of reactive sputtered CuAlO,
thin film (dyeactive) (Fig. 25-b) and also compared with D. C. sputtered CuAlO, thin film (dpc.
sputter) (Fig. 8). Table 14 compares the effective particle size and effective strain of reactive
sputtered and D. C. sputtered (Fig. 9) CuAlO, thin films. All the data furnished in these two
tables for D. C. sputtered films have the post-annealing time 60 min. Since the XRD patterns
of the other post-annealed (e.g. 30 min, 90 min) D. C. sputtered films have identical peaks as
mentioned earlier, all the related parameters will be identical and, therefore, not furnished
here.

Table 13. Comparison between the theoretical d-values, observed d-values of CuAlO,
powder, D. C. sputtered and reactive D. C. sputtered CuAlQO, thin films.

dJ CPDS dreactive dDC-Sputter
hkl A) &) A)
003 5.61 5.67 5.70
006 2.82 2.79 2.80
101 2.44 2.48 -
012 2.376 2.374 -
104 2.133 2.111 -—
107 1.732 -— -—
018 1.612 1.618 1.620

Table 14. Comparison between the effective particle size and effective strain of D. C.
sputtered and reactive D. C. sputtered CuAlQ; thin films.

Deposition technique Effectlve(lll);l)'tlcle sze Effective strain
Reactive sputtered thin film 32 2.70x 107
D. C. sputtered thin film 26 8.52x 107

(ii) Compositional analyses

In reactive D. C. sputtering method, films were post-annealed for 60 min and the
composition of the film was in the ratio of Cu: Al: O=1:1 :2.08. Therefore, the chemical
formula of the films may be written as CuAlO, g, This means that the percentage of excess
oxygen in the reactive D. C. sputtered films is around 4 at %. It has been observed that the
percentage of excess oxygen within the reactive sputtered films, is close to that of D. C.
sputtered films with t, = 90 min (cf. Table 9). This is probably because of the presence of
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excess oxygen atmosphere during the reactive sputtering process and higher substrate
temperature.

(i) FT-IR studies

FT-IR spectrum of reactive sputtered films are shown in Fig. (26). As expected, most of the
peaks are similar to that obtained in the films deposited by D. C. sputtering (shown in Fig.
10). The broad peak around 400 cm’' to 600 cm™' consists of a number of peaks which have
been assigned to the absorption peaks of Cu-O, O-Cu-O, Al-O bond vibrations as mentioned
in the Section 5.1 (iii). The broad peak around 800 cm™ to 1100 cm™ is actually consisting of
two peaks. Deconvoluting it, the two peaks are obtained around 900 cm' and 1030 cm™. First
one may be assigned to the short Al-O stretching vibrations in distorted AlOg octahedra,
whereas second one may be assigned to Si-O-Al vibration, which occurs due to Si substrate
used. Small hump around 2500 ¢cm ' is a CO, peak and the broad peak around 3100 cm'-
3500 ecm™ is due to O-H stretching vibration, which may be incorporated from the
atmospheric contamination. Similar to the Fig. 10, here also, we have got an unidentified
peak around 1600 cm’. Also another peak around 2800 cm’' remained unidentified in the
spectrum. As there is no detailed literature on the FT-IR studies of this material, this may
become an important field of work in the recent future.

Intensity (arb. units)
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Figure 26. FT-IR spectra of reactive sputtered CuAlQO, thin films.

(iv) UV-Vis-NIR measurements

The optical properties of the reactive D. C. sputtered thin films have also been studied.
The films were deposited on glass substrates and the film thicknesses were measured around
500 nm from cross-sectional SEM. Fig. 27 shows the UV-Vis-NIR spectra of reactive D. C.
sputtered CuAlO; thin film in the wavelength range of 300 nm to 1500 nm. These films were
post-annealed for 60 min. The average visible transmittance of the film is found to be ~ 85 -
90 %. We have critically analyzed the variations of transmittance (T) and reflectance (R) in
terms of absorption coefficients (o) to derive information on the optical transitions occurring
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in these films. Now in the fundamental absorption region, the value of o is calculated
according to the Eq. 16. Also the extinction coefficients (k) and refractive indices (n) are
calculated from Eq. 14 and Eq. 15 respectively. The spectral variations of o, n and k are
shown in the inset of Fig. 27 and Fig. 28 respectively. For the determination of the bandgaps
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Figure 27. UV-Vis-NIR spectra of reactive D. C. sputtered CuAlO, thin film. Inset: Energy dependence
of absorption coefficients.
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CuAlO, film.
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of reactive sputtered CuAlO; thin film, Eq. 17 has been used. Fig. 29 shows the evaluation of
direct and indirect bandgap values obtained from extrapolating the linear portion of the
graphs to the hy axis. The direct and indirect bandgap values, we have obtained, as 3.90 eV
and 1.89 eV respectively, which are comparable to the previously reported values [64, 67] as
well as those of D. C. sputtered films obtained by us (cf. Table 10), but slightly greater than
the previously reported reactive co-sputtered Cu-Al-O thin films prepared by Ong and Gong
(2.9-3.3 eV) [146]. This is mainly because of their phase impure films, which contain some
amount of CuO within the copper aluminum oxide samples. A comparison between the direct
and indirect bandgap values of reactive sputtered thin films with D. C. sputtered films with
different post-annealing times are furnished in Table 15.
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Figure 29. Determination of bandgaps of reactive sputtered CuAlO, film.

Table 15. Comparison between the bandgap values of CuAlQ; thin films deposited by D.

C. and reactive sputtering.

D. C. sputtered films Reactive D. C.
T, =30 min T, = 60 min T, =90 min sputtered films
Eg-direct Eg-indirect Eg-direct Eg-indirect Eg-direct Eg-indirect Eg-direct Eg-indirect
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
3.81 2.8 3.7 2.1 3.8 2.32 3.90 1.89
) Electrical properties and Hall studies

Temperature variation of the conductivity of reactive D. C. sputtered CuAlO; thin film
has also been studied in the temperature range of 300 K to 550 K according to Eq. 18. In this
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case also the contacts were made by silver paint and the ohmic nature of the contacts were
verified accordingly. Fig. 30 represents In ¢ vs. 1000/T plot of the reactive sputtered CuAlO,
thin film on glass substrate. The film thickness was ~ 500 nm obtained from cross-sectional
SEM (not shown here). The temperature variation of conductivity of the CuAlO, thin films
were studied below the room temperature by previous authors [64, 67], but no study on high
temperature conduction was reported. The straight-line nature of the Arhenius plot indicates
the thermally activated conduction as often found in semiconductors. Room temperature
conductivity of the film was obtained as 0.22 S cm™, which is comparable to that obtained by
D. C. sputtered films post-annealed for 60 min. From the slope of the graph we get the value
of activation energy (E,) 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 eV,
which is comparable to that of D. C. sputtered films post-annealed for 60 min.
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Figure 30. Temperature variation of conductivity of reactive sputtered CuAlO, thin film.

Hall measurements of reactive D. C. sputtered films were done at room temperature. Hall
coefficient of the films was determined to be Ry = 14.1 cm™ C', corresponding to carrier
density 4.4 x 10'7 cm™. Positive value of Hall coefficient confirmed the p-type conductivity
of the film. The carrier concentration of this film is comparable to that of D. C. sputtered film
post-annealed for 60 min. As far as conductivities of previously reported reactive sputtered
copper aluminium oxide films are concerned, Tsuboi et al [147] obtained phase impure
copper aluminium oxide films (a mixture of CuAlO, and Cu,0) with maximum conductivity
around 0.1 S cm™. A comparison between the electrical parameters of reactive sputtered film
and D. C. sputtered films is furnished in Table 16.
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Table 16. Comparison between the electrical properties of reactive sputtered and D. C.

sputtered films.

Synthesis technique ta ORT E, Ry n
(min) (Sem™) | meV) | (em>C") | (em™)
Reactive sputtering 60 0.22 250 +14.1 44x10"
D. C. Sputtering 30 0.09 270 +225 | 2.8x10"
60 0.16 245 +13.9 | 45x10”
90 0.39 196 +4.60 12x 10"

(vi) Thermoelectric properties

Thermoelectric properties of reactive sputtered CuAlO, film show almost similar nature
as those of D.C. sputtered films (cf. Fig. 22). Fig. 31 shows the temperature dependence of
Seebeck coefficient. The room temperature Seebeck coefficient (Sgr) is found to be + 115 pV
K™, which lies between that of D. C. sputtered films with t, = 30 min and 60 min (cf. Table
12). Positive values of the Seebeck coefficients also confirm the p-type nature of the films.
The Seebeck coefficients range from +115 pV K' to 520 pV K, at 300 K to 470 K
respectively. The Fermi energy of reactive sputtered film has been calculated from the slope
of the linear portion of the curve in Fig. 31, near room temperature, according to the Eq. 20.
The Fermi energy as obtained is 100 meV, which is slightly less than that of the D. C.
sputtered film with t, = 90 min (cf. Table 12). This type of band structure is typical of a non-
degenerate semiconducting material with Fermi level lying between acceptor level (which
corresponds to the activation energy, E, =250 meV) and the top of the valence band.
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Figure 31. Temperature variation of Seebeck coefficient of reactive sputtered CuAlO, thin film.
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Figure 32. Temperature variation of thermoelectric power factor of reactive sputtered CuAlQO, thin film.

Fig. 32 represents the temperature dependence of thermoelectric power factor (6S?) of
CuAlO; thin film for the temperature range of 300 K to 460 K. The values range from 3.09 x
107 Wm™'K? at temperature around 300 K to 5.5 x 10° Wm™'K™ around 460 K. These are
also comparable to those of D. C. sputtered films. A comparison between different
thermoelectric parameters of D. C. sputtered and reactive sputtered films is furnished in
Table 17.

Table 17. Different thermoelectric properties of D. C. sputtered and reactive sputtered
CuAlO; thin films with different post-deposition oxygen annealing times (t,).

Synthesis technique t, Skt E;
(min) M%) (meV)

Reactive D. C. sputtering 60 +115 100

D. C. Sputtering 30 + 120 200

60 + 141 151

90 +230 130

5.3. Properties of Wet-Chemical Dip-Coated Films
@) Structural properties
Beside physical processes like D. C. sputtering and reactive sputtering, we have also

synthesized CuAlO, thin film by wet-chemical dip-coating process. The experimental
procedure is furnished in details in Section 4.3. Fig. 33 shows the XRD pattern of the dip
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coated copper aluminium oxide thin film on glass substrate. The pattern reveals a strong (006)
orientation of CuAlO, phase. Very small peaks of (012), (107), (0012), (116) and (119)
reflections have also been observed. As the intensities of these peaks are quite small (7 % to 2
%) compared to the (006) peak, so our film shows a preferential (006) orientation. A
comparison with vacuum deposited films (PLD-process by Kawazoe et al. [64], Yanagi et al.
[67] and sputter-deposited by us [160, 161]) shows similar (006) orientation. As far as the
copper aluminium oxide films deposited by solution processes are concerned, Tonooka et al.
[153] had not reported any XRD data of the film. But the XRD data of the powdered samples
were shown, which depicted the presence of a mixture of CuAlO,, CuO and CuAl,O4 phases
in the sample. But they suggested that the powdered sample prepared by nitrate route (at
1100°C) would give maximum percentage of CuAlO, phase with a strong (012) orientation. It
is worthwhile to mention that, for XRD pattern of CuAlO, powdered sample, all the previous
reports showed a high (012) orientation, whereas in the thin film, a strong (006) orientation
was observed [64, 67, 160]. On the other hand, Ohashi and co-authors [157] reported the
XRD pattern of their sol-gel deposited multiphase copper aluminum oxide films which
consisted of a mixture of CuAlO,, CuO and Cu,0. As shown in our XRD pattern (Fig. 33), a
small peak of Cu,Al,O4 phase has been observed [113]. As its intensity is as low as 7 % of
the (006) peak of CuAlO, phase, so it may be concluded that our copper aluminium oxide
thin film has very high percentage of CuAlO, phase with a strong (006) orientation. Also no
peaks of starting materials (e.g. CuCl and AlCI;) or any reactant species such as metal oxides
have been found in the pattern. It is noteworthy that synthesis of copper aluminium oxide thin
films by spray technique [156] at 525 °C yielded amorphous films. But a transition to
crystalline nature was observed at a deposition temperature of 570 °C with a small (101)
reflection of CuAlO, phase. But this film also not phase pure as it contained small amount of
CuO phase as depicted from their XRD pattern [156].
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Figure 33. XRD pattern of copper aluminium oxide thin film deposited on glass substrate.
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(ii) Surface morphology

Fig. 34 shows the scanning electron micrograph (SEM) of a typical CuAlO; thin film
deposited on glass substrate. Existence of a smooth surface with finer grains and well defined
grain boundaries are observed and with some bigger clusters dispersed on the surface, which
resulted due to the agglomeration of finer grains. Cross-sectional SEM reveals the thickness
of the film around ~1.5 pm.

Figure 34. SEM micrograph of copper aluminium oxide thin film on glass substrate.

Previously, Ohashi et al. [157] reported the SEM micrograph of their sol-gel dip-coated
copper aluminium oxide film and observed a smooth surface with fine particles but interior of
the film was found to be porous with larger grains. On the other hand, Bouzidi et al. [156]
reported very smooth surface morphology of their copper aluminium oxide thin film
deposited by spray technique at 500 °C, cross-sectional SEM of which revealed the thickness
of their film ~ 1 um.

(iii) Optical properties

Fig. 35 shows the transmission spectrum of copper aluminium oxide thin film deposited
on glass substrate in the wavelength range of 300 nm to 800 nm, taking similar glass as
reference. It shows nearly 90 % transmittance in the wavelength range of 500 nm to 800 nm.

From the transmittance data, using Manifacier model [254] we have calculated the
absorption coefficients (o) at the region of strong absorption by re-writing Eq. 16 (neglecting
reflectance, R) as follows:

1 1
a=LmcL @3)
d (T)

where d is the film thickness and T is the transmittance obtained from Fig. 35.
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Figure 35. Transmittance vs. wavelength plot of copper aluminium oxide thin film deposited on glass
substrate.
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Figure 36. Energy dependence of absorption coefficient of CuAlO, thin film prepared by dip-coating
process.

Fig. 36 shows the spectral variation of absorption coefficient for wet-chemical dip-coated
copper aluminium oxide thin film. The value of a varies from 22.0 to 4.5 x 10% cm™ in the
wavelength range of 300 to 800 nm. Fig. 37 represents the spectral variation of extinction
coefficient (k) according to the Eq. 14. The value of k varies from 1.42 x 10~ to 106.23 x 107
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in the spectral range of 300 to 800 nm. These values are comparable to the D.C. sputtered as
well as reactive sputtered films shown in Fig. 15, 16, 17 and Fig. 29.
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Figure 37. Spectral variation of extinction coefficients (k) of copper aluminium oxide thin film
deposited by wet-chemical method.
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Figure 38. Plot to determine direct bandgap of copper aluminum oxide thin film.
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Using these values of a the nature and value of the optical band gap has been determined
according to Eq. 17. To determine the possible transitions, ahv)'™ vs. hy were plotted for
different values of n. The (ahv)® and (ahv)l/ vs. hy plots are shown in the Fig. 38.
Extrapolating the linear portion of the graphs to the hv axis we have obtained the direct and
indirect band gap values as 3.94 eV and 2.33 eV respectively. As far as bandgap value of
chemically deposited copper aluminium oxide is concerned, Bouzidi et al [156] reported the
direct bandgap for their spray-deposited copper aluminium oxide as 3.87 eV. Also these
values nearly agree with the value reported previously by others [64, 67] and us [160, 161].
Table 18 compares the various optical parameters of chemically deposited copper aluminium
oxide films with that of D. C. sputtered and reactive sputtered CuAlO, films by us.

Table 18. Comparison of different optical parameters of wet-chemical deposited CuAlO,
thin film with that of physically deposited films.

.. Average visible Bandgap (E,)
P Post-annealing time 5
rocess (min) transmittance Direct Indirect

(%) eV) (eV)

Wet-chemical - 80 3.94 2.33
30 65 3.81 2.80

D. C. sputtering 60 80 3.70 2.10
90 75 3.80 2.32

Reactive sputtering 60 85 3.90 1.89

@iv) Electrical properties

Electrical properties of chemically deposited copper aluminum oxide 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. Fig. 39 represents Ing vs. 1000/T plot of the copper aluminum oxide film on
glass substrate from room temperature (300 K) to 570 K. The straight-line nature of the
Arhenius plot indicates the thermally activated conduction, as often found in semiconductors.
Room temperature conductivity of the film was obtained as 4.0 x 10 S cm™. This value is
quite comparable to the previously reported copper aluminum oxide films prepared by
chemical routes (5.0 x 10° S cm™ by Tonooka et al. [153], 4.0 x 10> S cm™ by Bouzidi et al.
[156]). As far as CuAlO; films prepared by physical processes are concerned, this value is
one order less than that obtained by Kawazoe et al. [64] (0.095 S cm™) for their pulsed laser
deposited film. Also a comparison with sputter deposited films prepared by us [160, 161], this
value comes out to be two orders of magnitude less as shown in Table 19. This may be due to
the higher number of defect states formed within the film. It is generally observed that the
films produced by SGDC route contains higher defect states than that produced by vacuum
deposited films. Proper regulation of the deposition parameters as well as intentional
substitutional doping of the film are required to increase the conductivity which is the next
aim of our work.
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Figure 39. Temperature variation of conductivity of copper aluminum oxide thin films.

Table 19. Comparison between different electrical parameters of CuAlQ; thin films,
deposited by various processes.

Post-annealing time ORT
Process (min) s cm'l)
Wet-chemical - 0.004
90 0.39
60 0.16
DC sputtering 30 0.09
120 0.055
150 0.014
Reactive sputtering 60 0.22

Thermoelectric power (TEP) of the CuAlO, thin films deposited on glass substrates was
measured over the temperature range 308 — 488 K. Room temperature Seebeck coefficient
was found to be +206 uV K. Positive values of Seebeck coefficients confirmed the p-type
conductivity of the film. Also Hot-probe measurement confirms the p-type nature of the
films.

6. Transparent Junctions

Fabrication of transparent junction is the most important aspect in the field of p-TCO
technology. Amongst various junctions, transparent p-n heterojunction diode is the simplest
one with rectifying properties. It is also the simplest structure to fabricate. We have
synthesized n-ZnO: Al / p-CuAlO; heterojunction diode on glass substrates with considerable
electro-optical properties. The process and results are furnished below.
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6.1. Fabrication of All-Transparent Diode

The all-TCO p-n hetero-junction diode having the structure: n-ZnO: Al / p-CuAlO, were
fabricated on glass substrates. The n-type layer was taken as aluminum doped zinc oxide
films (ZnO: Al), which was deposited on commercial glass substrates (of size 18 mm X §
mm) by Sol-Gel-Dip-Coating technique. Thereafter these n-layer coated glasses were used as
the substrates for the deposition of p-layer (p-CuAlO, film) by D. C. sputtering technique. Six
independent junctions (1 mm X 1 mm) were fabricated on a single substrate using proper
masking. Details of the deposition procedures are furnished below.

Deposition of n-layer: ZnO films were deposited on glass substrates by SGDC route
from a starting solution of zinc acetate dihydrate (Zn(CH3;COQ),-2H,0) and isopropyl alcohol
(Pr'-OH). Since zinc acetate has low solubility in isopropyl alcohol, diethanolamine (DEA)
was added (with [DEA]/[Zn*'] = 1.5) to get transparent solution and to keep the solution
stable in dip-coating process. Doping of Al was done by the addition of controlled amount of
aluminum nitrate (AI(NO;);-9H,0) to the solution. Then the resultant solution was stirred and
refluxed, keeping the temperature at 343 K for one hour. The atomic ratio of Al/Zn in the
initial solution was varied from 0.32 % to 1.62 % and the concentration of zinc acetate was
fixed at 0.85 mol/L. Distilled water (with [H,0]/[Zn>"] = 14) and acetic acid (with [H"]/[Zn*"]
= 2) were added for better stability of the solution and to avoid gelation or precipitation. The
pH of the solution was kept around 7.0. Lastly, stirred and refluxed solution was aged for half
an hour to get the resultant solution. Then the ultrasonically cleaned glass substrates were
dipped vertically into the solution and withdrawn at a speed of 8§ cm/min to coat them with
the required material. The coated substrates were dried at room temperature for 10 minutes
and heated at ~ 423 K for 10 minutes in open atmosphere for gelation. This process was
repeated for 2-3 times for getting a desired thickness. Finally the films were heated at 573 K
for one hour to obtain crystalline ZnO: Al films. The details of the deposition conditions were
reported elsewhere [255]. It is to be noted that although the Al concentration in the starting
solution was varied from 0.32 % to 1.62 % to get Zn; ,AlO films with varied opto-electrical
properties, but for the fabrication of the diode, those films were chosen which were having Al
concentration of 1.62 % in the starting solution. This is because of the better comparability of
the electrical and optical properties of these films with the corresponding p-layer (CuAlO,
films).

Deposition of p-layer: The n-layer coated glass was used as the substrate in the D. C.
sputtering process to deposit p-CuAlO, thin film. Mica masks were used on the n-ZnO: Al
coated glass substrates for preferential deposition of p-CuAlO, layers on desired position.
Initially, solid-state reaction between stoichiometric ratios of Cu,O and Al,O; powder at 1400
K produced CuAlO, powder. This powder was then pressed into a pellet and was used as a
target for D. C. sputtering. The sputtering unit was evacuated by standard rotary-diffusion
arrangement upto a base pressure of 10° mbar. The pellet was arranged properly by
aluminum holder to act as upper electrode and the negative terminal of the D. C. power
supply unit was connected to it. n-layer coated glass substrates were placed on the lower
electrode and connected to the ground of the power supply. The electrode distance was taken
as 1.8 cm. Ar and O, (3 : 2 vol. ratio) were taken as sputtering gas and the sputtering was
done at an elevated substrate temperature (~ 453 K) to achieve high crystallinity in the film.
Post-deposition annealing of the film (at 473 K) for 30 min in an O, atmosphere (at a pressure
of 0.2 mbar) was performed to induce nonstoichiometry in the film for enhancing p-type
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conductivity. Details of the deposition conditions are furnished in details in Section 4.1 (cf.
Table 6). A flow-chart of the diode fabrication process is shown in Fig. 40 and the
corresponding schematic diagram of the diode structure is given in Fig. 41.

Zinc acetate dihydrate
(Zn(CH;3C00),-2H,0)
+

Isopropyl alcohol \/ Zn - source - Distilled water |

Al - source -
aluminum nitrate

Diethanolamine(DEA) / (AI(NO;);-9H,0)

. 249
with ([DEAJ/[Zn2']=1.5) i

Resulting solution stirred and refluxed for 1 hour at 343 K

v

Aging of the solution for }2 hour to form the gel

v

Dip-coating on glass substrate @ 8 cm/min

v

Coated substrates were dried at room temperature for 10 min, then heated at 423
K for 10 min in air and finally annealed at 573 K for 1 hour in air

v

Formation of n-layer
(These n-layer coated glass substrates were then used as the substrates in D. C.
sputtering chamber, with proper masking, for the deposition of p-layer to form
the diode structure)

|

Sputtering conditions

Electrode distance : 1.8 cm

Sputtering Voltage : 1.1 kV

Current density : 10 mA / cm?

Substrate : n-layer coated glass, Si

Sputtering gasses : Ar & O, (3 :2 volume ratio)

Base pressure : 107 mbar

Deposition pressure : 0.2 mbar

Substrate temperature : 453K

Deposition Time : 4 hrs

Post-annealing : 30 min at 473 K in O, atmosphere
FORMATION OF THE DIODE

Figure 40. Flow-chart of the diode fabrication.
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Figure 41. Schematic diagram of n-ZnO: Al / p-CuAlO, diode structure.

The optical transmittance of the diodes was measured by UV-Vis-NIR spectrophotometer
(SHIMADZU-UV-3101-PC). All electrical measurements were done by standard four-probe
method using Keithley-6514 electrometer under vacuum condition (~ 10~ mbar). For ohmic
contacts, evaporated silver electrodes were used with proper masking in both types of layers,
which showed linear I-V characteristics over a wide range of voltages and temperatures.
Thereafter the electrical connections were made by Cu leads with silver paints, as shown in
Fig. 41.

6.2. Characterizations of the Diode

Structural properties of the films were studied by X-ray diffractometer (XRD, BRUKER, DS,
ADVANCE) using the Cu K, (1.5406 A) radiation. Fig. 42 shows the XRD patterns of
individual layers of CuAlO, (pattern-a) and ZnO: Al (pattern-b) on glass substrates
respectively, deposited under the same conditions as that used for diode fabrication. All the
peaks match with the standard JCPDS files (# 35-1401, for CAO [113]) and (# 36-1451, for
ZnO) respectively, as shown by the circles and lines in the figure. The XRD pattern for
CuAlO; is similar to that given in Fig. 8(b). Also no peaks of starting materials and any other
reactant species have been found which conclusively indicate that the reactants were
completely mixed to form the proper phase of the materials. As stated earlier, the XRD
pattern of the p-layer is obtained for p-CuAlO, thin film deposited on bare glass substrate
under the same conditions as that used for diode fabrication. But it is worthwhile in
mentioning that, here we have not taken into account the change in crystal quality of the p-
layer due to the presence of ZnO: Al layer underneath, to fabricate the diode. It must be
admitted that the crystal structure of ZnO film might affect the crystal quality of the CuAlO,
in terms of intensity and sharpness of the XRD peaks. And it might not be unreasonable to
speculate that the presence of crystalline ZnO film underneath might have improved the
crystal quality of CuAlO, film with respect to bare glass substrate, which, in turn, enhances
the formation of rectifying junction.
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Figure 42. XRD patterns of (a) p-CuAlO,, (b) n-ZnO: Al films. Lines and circles represent the reference
patterns of corresponding materials.

The optical transmision spectrum of the n-ZnO: Al / p-CuAlO; diode is shown in Fig. 43.
As mentioned earlier, the thickness measurements were done by cross-sectional
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Figure 43. Optical transmision spectra of the n-Zn;,Al,O / p-CuAlO,,, diode deposited on glass
substrate.
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Figure 44. Optical transmission spectra of n-ZnO: Al film.
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Figure 45. Determination of direct bandgap of n-ZnO: Al film.

SEM (not shown here). The thicknesses were found to be 600 nm for ZnO: Al film and
500 nm for CuAlQO; film respectively, making the total device thickness around 1100 nm as
shown in the inset of Fig. 41. The visible transparency of the diode is around 60 %, which
indicates its potential application in ‘Invisible Electronics’ [65]. It is to be noted that the
visible transparency of the individual p-layer with identical deposition condition as that used
for diode fabrication is around 75 % as shown in Fig. 13, Section 5.1. On the other hand, the
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visible transparency of the n-layer is around 80% as shown in Fig. 44. A comparison of these
spectra shows that the starting point of the fundamental absorption region of the diode
structure is comparable to that of n-ZnO: Al layer, which is having lower bandgap energy
(3.31 eV, as shown in Fig. 45). Previously, Tonooka et al. [172] obtained the average visible
transmittance of their n'-ZnO / n-ZnO / p-Cu-Al-O diode around 60 %. As far as other all-
oxide transparent diodes are concerned, Sato et al. [66] reported 20 % visible transmittance
for their p-NiO / i-NiO / i-ZnO / n-ZnO structure, Kudo et al. [165] obtained 70 % - 80 %
visible transmittance for p-SrCu,0, / n-ZnO diode, Hoffman and co-authors [170] reported 35
% to 65 % visible transmittance in a p-CuY;4Ca,O, / n-Zn, xAlLO / n'-ITO heterojunction
diode, Yanagi et al. [103] obtained 60 % to 80 % transmittance for their p-Culn; (Ca,O, / n-
Culn;_4Sn,O, homojunction diode in the visible region.

Electrical properties of the individual layers have been studied in details and represented
in our previous literatures [243, 244, 255]. Fig. 46 represents the temperature variation of
individual n- and p-layers deposited under identical conditions as that during diode
fabrication. A comparative study of different electro-optical properties of the individual films
is furnished in Table 20. For proper fabrication of rectifying junction, a comparable elctro-
optical property of the individual p- and n-layers is very important, and in that respects ZnO:
Al film is widely used because of its easy controllability of carrier concentration by varying
percentage of Al during deposition. This is necessary in order to match the carrier
concentrations with those positive holes in p- CuAlO, which is more difficult to control. Also
possibility of low-temperature deposition of crystalline ZnO films on glass as well on as
plastic substrates [61] has make ZnO films one of the most promising component for the
fabrication of transparent diodes in the field of ‘Invisible Electronics’.

Table 20. Different electrical and optical properties of individual p-CuAlO; layer
(cf. Table 11, 12) and n ZnO: Al layers [255].

Direct Room-temperature | Activation . Carrier
. . Fermi energy .
. bandgap conductivity energy concentration
Film (Eyp)
(Eg-direct) (GRT) (Ea) (meV) (n)
eV) (S em™) (meV) (em™)

n-ZnO: Al 3.31 0.08 550 280 2.6x10"
p-CuAlO, 3.81 0.09 270 200 2.8x 10"

The current-voltage characteristics of the transparent diodes have been measured by
Keithley-6514 electrometer. For ohmic contacts, evaporated silver electrodes were used with
proper masking in both types of layers, which showed linear I-V characteristics over a wide
range of voltages and temperatures. Thereafter the electrical connections were made by Cu
leads with silver paints. The I-V characteristic of the diode is shown in Fig. 47, which shows
rectifying properties, indicating proper formation of the junction. The turn-on voltage
obtained around 0.8 V. However, it varied from 0.6 V to 1.0 V from junction to junction. This
indicates considerable reproducibility of the junctions. The forward-to-reverse current ratio is
approximately ~ 30 at + 4 V. Maximum current obtained at 5 V is around 1 pA and a small
leakage current as low as 30 nA was observed at a reverse bias of -4 V. Previously, Tonooka
et al. [172] reported the average turn on voltage of their n-ZnO/p-Cu-Al-O diode ~ 0.5 V,
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Figure 46. Temperature variation of conductivity of (a) p-CuAlO, and (b) n-ZnO: Al films.
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Figure 47. Current—Voltage characteristics of p-CuAlO,/ n-ZnO: Al diode.

which is comparable to ours. Generally, for heterojunction diodes, the structural
imperfections at grain boundaries as well as at the interface detoriate the efficiency of the
doide [165]. Also the inherent difficulty in manufacturing these all-oxide diodes is that the p
and n-layers must be produced under oxidizing and reducing conditions respectively, so that
optimal processing for one type is detrimental to the other [110]. All these facts must be
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addressed with considerable attention for diverse applications of these heterojunction all-
oxide transparent diodes in the field of “Invisible Electronics’.

If we probe into the bandstructure of the interface, considering the bandgaps of n-ZnO:
Al and p-CuAlO; as 3.31 eV (cf. Fig. 45) and 3.81 eV (direct), 2.8 eV (indirect, cf. Fig. 18c¢)
respectively, then the depletion barrier height comes out within the range of 3.3 eV to 2.3 eV
(for this calculation, the position of Fermi level of both p and n type materials are obtained
from thermo-electric power measurements of the materials. For p-CuAlO, films this value is
around 200 meV (cf. Table 12) and for n-ZnO: Al films it is around 280 meV [255]. The
activation energy values are obtained from Fig. 46 and furnished in Table 20). But these
values are quite larger than that of the observed turn-on voltage, which is around 0.8 V. This
inconsistancy between the turn-on voltage and the barrier height may be explained in the
following way: Investigation of previous literatures about the band structure calculations of
Mattheis [111] and experimental findings of Cava et al. [225] of similar delafossite p-
CuYO,,;x material, we see the existance of some midgap impurity bands within the material
due to the interstitial oxygen doping, which decreases the effective bandgap of the material.
In a similar way it can be argued that in our p-CuAlO; thin films, excess oxygen intercalation
and probably some unintentional impurity incorporation may give rise to some new and deep
states within the bandgap via self-compensation [256], which further reduces the effective
bandgap of the material, so also the barrier height. This might provide an explanation of the
low turn-on voltage of the p-CuAlO, / n-ZnO: Al hetero-junction diode.

7. Nanocrystalline P-CuAlQO; Thin Films

Fabrication of nanostructured p-TCOs, coupled with the already existing and well-known
materials of nanostructured n-TCOs, will give an added impetus in the field of “Invisible
Electronics” by creating the opportunity for the fabrication of nano-active devices, which can
have highly efficient applications in the optoelectronics device technology. We have
synthesized nanostructured p-CuAlQ, thin films by D.C. sputtering technique by reducing the
deposition time and substrate temperature during deposition. Effect of deposition time on
crystallinity, particle size, strain, bandgap etc of the film has been investigated. Also
photoluminescence properties of this nanocrystalline material have been reported here.

7.1. Preparation of the Nanostructured Film

@) CuAlO; Powder Preparation

Polycrystalline CuAlO, powder was synthesized in the same procedure as described in
Section 4.1(i). At first Cu,O and Al,O; powder (both 99.99 %) were taken with Cu / Al
atomic ratio 1 : 1 and mixed for 1 hr. Then the mixture was heated in alumina boat at 1100°C
for 24 hours in air to form the CuAlO, powder. The sintered body was then reground and
pressed into pellets by hydrostatic pressure of about 200 kgf / cm”. These pellets were placed
in aluminum holder by some appropriate arrangement, which was used as the target for
sputtering.
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(ii) Nanocrystalline CuAlO; Film Deposition

The sputtering unit was evacuated by standard rotary-diffusion arrangement upto a base
pressure of 10 mbar. The target was then pre-sputtered for 10 min to remove contamination,
if any, from the surface and then the shutter was displaced to expose the substrates in the
sputtering plasma. Films were deposited on ultrasonically cleaned glass and Si substrates,
which were placed on the lower electrode and connected to the ground of the power supply.
Before placing into the deposition chamber the glass substrates were cleaned at first by mild
soap solution, then washed thoroughly in deionized water and also in boiling water. Finally
they were ultrasonically cleaned in acetone for 15 minutes. Si substrates were first immersed
in 20 % HF solution for 2 minutes for removing surface oxide layers. Then they were cleaned
in deionized water and finally with alcohol in an ultrasonic cleaner. The electrode distance
was taken as 1.5 cm. Ar and O, (3 : 2 vol. ratio) were taken as sputtering gases. Details of the
deposition conditions were described in Section 4.1. Only differences from the previous
deposition conditions are the deposition time (tg), which ranges from 3 min to 45 min (instead
of 240 min, cf. Table 6) and the lower substrate temperature, which was kept at 373 K
(instead of 453 K, cf. Table 6). This is because, generally at higher substrate temperature, the
particles tend to coalesce to form bigger clusters, which is unwanted for the formation of
nano-structured films. The variation in the deposition time is done to observe the changes in
the nanostructure and optical properties of the films. Also no post-annealing of the films was
performed.

7.2. Characterization and Discussion

The target pellets as well as the films were characterized by X-ray diffractometer (XRD,
BRUKER, D8 ADVANCE) to observe the proper phase formation of the material. To study
the nanotructure of the films, transmission electron microscopy (TEM, HITACHI-H600)
analyses were performed. For TEM measurements, the films were directly deposited on
carbon coated copper grids. Optical studies have been performed by measuring the
transmittance and reflectance of the films, deposited on glass substrates, in the wavelength
region 300 nm - 800 nm using a UV-Vis spectrophotometer (HITACHI-U-3410).
Photoluminescence studies were performed by HITACHI F-4500 instrument for the films
deposited on Si substrates. The thicknesses of the films were measured by optical
interferometric process.

Structural properties: The XRD pattern of the synthesized CuAlO, powder, which was
used for target preparation has already been presented in Fig. 7 and described in Section 5.1.
The peaks of the powdered material confirm the proper phase formation of the required target
material. This target material was then used for the thin film preparation.

Four sets of samples were prepared by D. C. sputtering technique having deposition times
(tg) as 3 min, 9 min, 15 min, 45 min, to observe any variation in the XRD patterns and its
effect on particle size. Another set of sample is also prepared for deposition time 150 min,
which is used as the reference bulk material to compare with the nanocrystalline films. This
film has almost similar structural and optical properties as that deposited for 240 min and
described in Section 5.1. Fig. 48 represents the XRD patterns of sputter-deposited
nanocrystalline CuAlO, thin films on Si substrates with deposition times (tg) 15 min (pattern-
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#1) and 45 min (pattern-#2). For the film with ty = 15 min (curve-#1), two broad peaks of
(101) and (012) reflections are observed along with two smaller peaks of (107) and (018)
reflections. On the other hand for the film deposited in 45 min (curve-#2), a slightly stronger
peak of (006) reflections and a small peak of (018) reflections are observed along with the
presence of a broad and considerably attenuated hump representing (101) and (012)
reflections. It is worthwhile to mention in this connection that in all the previously reported
XRD patterns of CuAlO; thin films by us (cf. Fig. 8) as well as by others [64, 67], a strong
(006) orientation were present, whereas the XRD patterns of sintered targets show either a
preferred (012) orientation [64] or (101) orientation [67]. Likewise, we have also observed a
(101) orientation for the sintered target (cf. Fig. 7). But for the films deposited in 15 min, due
to smaller deposition time, the film thickness was quite low (~ 90 nm) and quasi-continuous
formation of the film restricted the growth of any preferred orientation. And therefore two
broad peaks of (101) and (012) reflections are present and as obvious, resemble close to the
sintered target. Also, due to the nanocrystalline nature of the film, the peaks are quite broader
and peak intensities are fairly low. On the other hand, for the films with t; = 45 min, due to
longer deposition time, a slightly stronger (006) orientation in the film is observed, along with
two considerably attenuated (101) and (012) peaks, which is similar to that reported
previously by Kawazoe, Yanagi, Hosono and co-authors [64, 67], for their pulsed laser
deposited CuAlQO; thin films on sapphire substrates. For the films deposited in 150 min, the
XRD pattern is almost similar to that shown in Fig. 8. A stronger (006) peak is observed
along with two smaller peaks of (003) and (018) reflections. This shows that with increase in
the deposition time, the films become more and more (006) oriented. Also it is to be
mentioned here, that, in the XRD patterns of the films with ty = 3 min and 9 min, due to
nanocrystalline nature and low film thicknesses (~ 30 nm for t; = 3 min and ~ 60 nm for t; =9
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Figure 48. XRD pattern of nano-crystalline CuAlO, thin film deposited for (#1) 15 min and (#2) 45
min.
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Figure 49. Determination of strain (g) and particle size (L) of the nano-structured CuAlO, thin films
deposited for 15 min and 45 min.

min), the intensity of the peaks are very low (i.e almost became indistinguishable from the
background noise) and therefore no satisfactory representable results were obtained, and that
is why not shown here. But the nanocrystalline nature of these films were confirmed from
transmission electron microscopic measurements and the structural information were
extracted from selected area electron diffraction patterns (SAED), which have been described
in the later part of this paper.

The information on strain and the particle size of the deposited films were obtained from
the FWHMs of the diffraction peaks, according to the Eq. 6 given in Section 5.1. Fig. 49

pCosO  Sinf

represents the plot of Vs for the films deposited in 15 min and 45 min. From

the slopes and intercepts on y-axes, the strain (g) and particle size (L) were obtained as 5.2 x
107 and 14 nm (for tg = 45 min) and 6.31 x 107 and 4 nm (for the film with t; = 15 min)
respectively. An increase in the particle size with deposition time is observed because of the
greater amount of influx of sputtered particles at higher deposition times, leading to the
agglomeration of bigger particles. A comparison with these values with bulk film is furnished
in Table 21.

Table 21. Comparison between the effective particle size and effective strain of D. C.
sputtered and reactive D. C. sputtered CuAlQO, thin films.

Depositior'l time (tq) Effective particle size Effective strain
(min) (nm)
15 4.0 6.31x 107
45 14.0 520x 107
240 26.0 8.52x 107
(Bulk film. Cf. Table 14)
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Figure 50(a). TEM micrograph of nano-structured CuAlO, thin film deposited for 3 min. Inset: SAED
pattern of the same.

Figure 50(b). TEM micrograph of nano-structured CuAlO, thin film deposited for 9 min. Inset: SAED
pattern of the same.

Figure 50(c). TEM micrograph of nano-structured CuAlQ, thin film deposited for 15 min. Inset: SAED
pattern of the same.
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TEM studies: Transmission electron microscopic (TEM) analyses were done for
nanocrystalline CuAlO, thin films with various deposition times (t4). Fig. 50(a), (b) and (c)
show the TEM micrographs of CuAlO; films deposited in 3, 9 and 15 min respectively. From
the micrographs, the particle sizes (L) are obtained around 8 nm to 12 nm for the films
deposited in 3 min (Fig. 50a), around 18 to 22 nm for the films deposited in 9 min (Fig. S50b)
and around 27 to 33 nm for the films deposited in 15 min respectively (Fig. 50c). Previously,
Gong et al [150] and Gao et al [154] reported the particle size of their nanocrystalline copper
aluminium oxide films around 10 nm, which is comparable to our samples deposited in 3 min.
Similar to the XRD measurements, here also, from the TEM micrographs we have observed
an increase in the average particle size of our nanocrystalline CuAlO; thin films with increase
in the deposition times. And as already mentioned, this is mainly due to the greater amount of
influx of sputtered particles, which results into the agglomeration of bigger particles. Thus the
average particle size increases with increase in the deposition time as observed in Fig. 50(a),
(b) and (c) and when the deposition time is 45 min and above, the average particle size (L)
becomes ~ 60 nm and more (not shown here). It is also note-worthy that there is a difference
in the values of the particle size calculated from XRD data (Lxgrp) and that obtained from
TEM micrographs (Ltgym) for the films with ty = 15 min and 45 min. For the films deposited
in 15 min, Lxgp = 4 nm whereas average Ltgy = 30 nm. On the other hand, for the films
deposited in 45 min, these values are 14 nm and 60 nm respectively. This is because the
particle size calculated from Eq. 6 always gives underestimated value as the term ‘L’, in Eq.
6 is actually the ‘crystallite size’ rather than the ‘particle size’. When the size of individual
crystallites in a polycrystalline sample is less than 100 nm, the term ‘crystallite size’ is
approximately taken to be equal to the ‘particle size’ [230]. But any individual grain or
particle in a sample (whether it is nanocrystalline or else), always contain quite a few number
of crystallites and therefore the information extracted from Eq. 6 about the “particle size’ will
always be less than the ‘actual’ particle size.

As we have observed marked differences of the particle size, measured directly from
TEM image and as determined indirectly from X-ray diffraction peak broadening, particularly
for films deposited with higher deposition times (t, = 15 min and 45 min), we suppose that
larger particles (as observed by TEM) might consist of a number of smaller crystallites and in
that sense, larger particles are not single crystalline.

Selected area electron diffraction pattern (SAED) of the films deposited in 3 min, 9 min
and 15 min are shown in the insets of Fig. 50(a), (b) and (c). Few diffraction rings are
obtained in all the patterns which correspond to the (101) & (202) planes of the films

deposited in 3 min, (101) & (OOE) for the films with ty = 9 min and (101) & (018) for the

films deposited in 15 min respectively. The lattice spacings (d) corresponding to these rings
in the diffraction patterns were measured with the camera constant of the equipment and the
diffraction ring radii were measured from the micrographs [257]. These ‘d’-values calculated
from all the patterns along with that obtained from XRD measurements were then matched
with the theoretical ‘d’-values obtained from JCPDS file [113] and compared in Table 22. It
has been observed that in all the SAED patterns, a (101) orientation is present, which is
similar to the target material (c.f. Fig. 7) as well as to that of the film deposited for 15 min (as
shown in the XRD pattern of Fig. 48; curve-#1). Therefore, this observation basically
indicates the formation of quasi-continuous films consisting of CuAlO, nano-particles, when
the deposition time is 15 min or less, (as has been depicted from TEM micrographs shown in
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Fig. 50a, b and c), whereas with further increase in the deposition time (i.e. for t; > 45 min),
the growth mechanism followed a preferred (006) orientation.

Table 22. Comparison between the experimentally obtained d-values from SAED
patterns (dsagp) of the nano-crystalline CuAlQ; thin films deposited for 3 min and 9 min

and that of XRD patterns (dxgrp) for the films deposited for 15 min and 45 min
respectively with that given in JCPDS file (djcpps)-

dS/}ED d)gRD
(A) A) djceps
hkl :
= = A
t¢=3min | ty=9min | ty=15min | =1 ta= 45 @
min min
006 2.816 2.820
101 2.438 2.441 2.450 2.448 2.450 2.437
012 2.350 2.380 2.376
107 1.732 1.732
018 1.618 1.607 1.610 1.612
00712 1.406 1.401
202 1.220 1.225
100 A
~—~804
3
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O 60
= . .
© Deposition time:
E’ 40 (#5) 3 min
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Figure 51(a). Optical transmission spectra of nanocrystalline CuAlO, thin films.

Optical properties: UV-Vis spectrophotometric measurements of CuAlO, thin films
were done for the samples with deposition times 3 min, 9 min, 15 min, 45 min and 150 min.
Fig. 51(a) shows the transmittance (T) vs. wavelength graphs of these films deposited on
glass substrates taking similar glass as reference. Therefore the spectra are for the films only.
Thickness of the films are in the range of 30 nm, 60 nm, 90 nm, 200 nm and 400 nm for the
films deposited in 3 min, 9 min, 15 min, 45 min and 150 min respectively. The average
visible transmittance of these films increases from 75 % to 98 % with decrease in the
deposition time. This is mainly due to the decrease in the film thickness, which leads to lesser
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scattering and absorption of photons. Fig. 51(b) represents the spectral variation of
reflectance (R) of the same films deposited on glass substrates. From the transmittance (T)
and reflectance (R) data, the absorption coefficients (o) of these films were measured
according to the Eq. 16. Fig. 52 represents the spectral variation of o in the visible range. The
value of o varies from 8.61 x 10> cm™ for film deposited for 3 min to 2.56 x 10* cm™ for film
deposited for 150 min (bulk film)

12
Deposition time:
1 (#1) 150 min

o (#2) 45 min
) 15 min
) 9min
) 3 min

(
(#4
| (#3
(#5
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Reflectance (%)

460 I 660 I 800
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Figure 51(b). Spectral variation of reflectance of the nanocrystalline CuAlO, films.
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Figure 52. Variations of a with wavelength for nanocrystalline CuAlO, thin films for various
deposition times (t;) and thickness (d).
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at 400 nm wavelength. Also the refractive indices (n) and extinction coefficients (k) of these
films were determined according to Eq. 15 and 14 respectively using the values of o and R.
Fig. 53(a) and (b) show the wavelength vs. n and k plots respectively. Various optical
parameters of nanocrystalline CuAlO, films deposited for different times are compared in
Table 23.
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Figure 53(a). Dispersion of refractive indices of nanocrystalline CuAlQO, thin films.
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Figure 53(b). Spectral variation of extinction coeff. (k) of nanocrystalline CuAlQO, thin films.
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Figure 54. Determination of direct bandgaps of nanocrystalline CuAlO, thin film with different
deposition times.
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Figure 55. Variation of bandgap, particle size and thickness with deposition time.

In the range of the onset of absorption edge, the absorption coefficients (o) can be

described by the relation for parabolic bands according to Eq. 17. The (a h V)2 vs. hv plots

for the films with different deposition times (tg) is shown in Fig. 54. The direct allowed
bandgap values for the films deposited for 3 min, 9 min, 15 min, 45 min and 150 min are
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obtained as 3.94 eV, 3.84 eV, 3.72 eV, 3.60 eV and 3.34 eV respectively. The corresponding
average particle sizes (L) are 10 nm, 20 nm, 30 nm, 60 nm and greater than 90 nm
respectively. The variation of bandgaps, particle size and film thickness with deposition time
is shown in Fig. 55. Previously, Kawazoe and co-authors [64] reported the direct allowed
bandgap of their pulsed laser deposited CuAlO, thin film around 3.5 eV with an average
visible transmittance ~ 60 %. But as far as nanocrystalline CuAlO, thin films are concerned,
Gong and co-authors [150] obtained the direct bandgap of their nanocrystalline Cu-Al-O
films as 3.75 eV with an average visible transmittance ~ 35 %. This bandgap value is
comparable to our films (3.72 eV) with deposition time 15 min. But the average visible
transmittance of our sample is quite higher (~ 80 %) than that of Gong and co-authors (~ 35
%). This is mainly due to the presence of impurity (Cu,O) in their sample as well as higher
thickness (250 nm) of these films than ours (90 nm), leading to the scattering and absorption
of photons. On the other hand Gao et al. [154] obtained the direct bandgap and average
visible transmittance of their nanocrystalline CuAlO, thin film as 3.75 eV and 60 %
respectively, which is nearly comparable to our values. From Fig. 55, we have observed the
broadening of the bandgap energy of our nanocrystalline CuAlO; thin film with the decrease
in the deposition time. This may be attributed to the quantum confinement effect put forward
by Brus [69] where the size dependency of the bandgap of a semiconductor nanoparticle

(E

]) is given by the following formula:

g[nano
2 2
h 1.8¢
AE = E —E = - (24)
glnano] " g[bulk] 8,u* (%)2 (%)g
here AE is the shift of the band ith t to the bulk band E £ th
wnere 1S the€ Sniit o € bandgap with reSpect to the bu andgap g[bl/llk]’ 2 1S Ine

radius of the nano-particles (where L is the particle diameter, taken to be equivalent to the
particle size, mentioned earlier), p* is the reduced mass of electron-hole effective masses and
¢ is the semiconductor dielectric constant. The first term of the RHS expression in the
equation represents the particle-in-a box quantum localization energy and has an F
dependence for both electron and hole. The 2™ term represents the Coulomb energy with an

1
Z dependence. In the limit of large L, the value of E approaches that of

g[nano]

Eg[bu k]’ As TEM micrographs (Fig. 50a, b and ¢) reveal that the average particle size of

our samples decreases with the decrease in the deposition time (i.e. L ~ 10 nm and ~ 20 nm
for ty = 3 min & 9 min respectively and for ty = 15 min and 45 min, L ~ 30 nm and ~ 60 nm,
c.f. Table 23), the observation of bandgap widening in our samples is consistent with the
quantum confinement effect explained by the Eq. 24. Previously, Gong et al [150] observed
similar bandgap widening of their nanocrystalline Cu-Al-O films from bulk material and
explained it in terms of the exciton confinement in semiconductor nanocrystals, which
produces discrete, excited electronic states having higher oscillator strength and bandgaps as
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an inverse function of crystallite size [72, 258] The same group also observed a blue-shift of
the bandgap of co-sputter-deposited Cu-Al-O films with a variation in the Cu : Al atomic
ratio in their sample [146], but whether this was due to the size-dependant bandgap widening
of semiconductor nanoparticles is not quite clear for their multiphase (a mixture of CuO and
CuAlQ;) samples.

Table 23. Variation of average particle size, film thickness and bandgap with the
deposition time of nano-crystalline CuAlQ, thin film.

tq Average Film Avg. a n k Band-gap
particle size  thickness T (at =400 nm) (at (at
A=400  A=400 (eV)
(min) (nm) (nm) (%) (em™) nm) nm)
3 ~10 30 95 8.61x 10° 1.29 0.003 3.94
9 ~20 60 90 1.63 x 10* 1.38 0.05 3.84
15 ~30 90 80 2.44 x 10 1.34 0.08 3.72
45 ~ 60 200 75 1.56 x 10* 1.36 0.05 3.60
150 >90 400 65 2.56 x 10* 1.44 0.08 3.34
(bulk)

To examine the size-dependant optical properties of CuAlO, nanoparticles, the
photoluminescence (PL) spectroscopic measurements were also performed at room
temperature. The PL spectra shown in Fig. 56 were obtained with a 210 nm excitation
wavelength and the films were deposited on Si substrates. Three spectra shown in the Fig. 56
are for three samples deposited for 9 min (curve — a), 15 min (curve — b) and 45 min (curve —
¢) respectively. Three peaks obtained are around 3.56 eV, for curve — ¢ (A = 348.5 nm), 3.61
eV, for curve — b (A = 343.6 nm) and 3.66 eV, for curve — a (A = 339.0 nm) respectively.
These peaks may be attributed to the UV near-band edge (NBE) emission [252] of wide
bandgap CuAlO,, namely the recombination of free excitons through an exciton-exciton
collision process. This observation again indicates the existence of direct transition type
bandgap of this material, which is favorable for the optoelectronics applications like light-
emitting diodes (LED). It is also note-worthy that, like other widegap semiconductors such as
ZnO and LaO(CuS), where excitons can be observed at room temperature, the excitons in
CuAlO, are supposed to have large binding energy (E,). Although the exact value of the
binding energy is not known yet, but the above argument seems reasonable if we get an
indirect estimation of the binding energy by the following relation (assuming hydrogen-like
model) [123]

E =" yx136ev 25)

with

= —+— (26)
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* *
s me and m, denote reduced mass, free electron mass, relative dielectric

O’gr h

constant, effective masses of electrons and holes respectively. According to Eq. 25, large

where p, m

exciton binding energy would result from a small relative dielectric constant (Sr) and a

high-reduced mass (p) of the excitons. The relative dielectric constants (gr) of CuAlO, thin

film is estimated from the reflectance data (Fig. 51b), which fall within the range of 1.7 to
3.5, for the films deposited in 9 min, 15 min and 45 min respectively. These values are less
than that of LaO(CuS) and ZnO [123, 259]. Therefore the reduced mass in CuAlO, may be
considered to be large enough to generate room-temperature excitons. As has been suggested
that the layered-crystal structure is responsible for the stability of excitons in LaO(CuS)
[123], following similar argument, it may be considered that the super-lattice structure of
CuAlO, [93-95] is responsible for the large reduced mass of the excitons, which, in turn,
produces large binding energy to generate room temperature excitons in this material. Also, a
slight blue-shift of the emission peaks are observed with decrease in the deposition time. As
already mentioned previously, that a decrease in the average particle size (L) is observed with
the decrease in the deposition time, t4 (i.e. for t4 =9 min, 15 min and 45 min, L ~ 20 nm, ~ 30
nm and ~ 60 nm respectively), therefore this blue-shift may be another indication of
experimentally observed bandgap enhancement results from low-dimensional quantum
confinement effects.
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Figure 56. Photoluminescence spectra (PL) spectra of nano-structured CuAlQO; thin films deposited for
(a) 9 min, (b) 15 min and (c) 45 min.

To justify further whether quantum confinement is the most likely explanation for the
observed blue-shift of the bandgap of our nano-structured CuAlO, thin films, we have tried to
fit Eq. 24 with reasonable values of p and € and the fit was satisfactory (within 5 % of the
experimental value). On the other hand, forcing 100 % matching with Eq. 24 and our data, we
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have obtained an estimation of effective excitonic mass (u) around 0.03 m 0 (m . is the

(0]

free electron mass), which appears reasonable. However, as so far there is no published data
of effective masses of carriers of this material, hence, we cannot claim that the agreement is
very accurate. But in another way we have indirectly estimated the value of p from Eq. 25:
As we have seen from photoluminescence measurements (Fig. 56) that our nanostructured
CuAlO; films show exciton absorption at room temperature (300 K), therefore the binding
energy (Ey) of excitons must exceed the thermal energy of kgT(r=300 k) = 26 meV. So, putting

E, approximately around 30 meV in Eq. 25 and the value of &€ ; as 3.5, obtained from

reflectance data (Fig. 51b), (this value is comparable to that of other p-type TCO like

LaOCusS, which is ~4.0 [123] as stated earlier), the value of p comes out as 0.03 m 0 This

value agrees with the previous one. So we can say that the quantum confinement effect is the
most likely explanation for the bandgap widening of our nanostructured CuAlO; thin films.

Also we have observed slight decrease in the intensities of the peaks with decrease in the
particle size. This may be due to the presence of some surface states in our nanostructured
material. It is well known that the surface states may seriously influence the PL efficiency in
nano-materials due to the high surface-to-volume ratio [260]. Larger the particle size, lesser
will be the surface-to-volume ratio and therefore smaller will be the effect of surface states on
PL intensity. That is why we have observed an increase in the PL intensity with the increase
in the particle size as shown in Fig. 56. It must be mentioned here that as there are no reports
on the photoluminescence properties of CuAlO, thin films (as literature survey depicts),
therefore the exact mechanism of the different possible transitions is yet to be explored
completely and intense research is needed in this direction to explore proper emission
mechanism.

Hall measurements could not be performed in all of our samples. But p-type conductivity
of the sample deposited for 150 min was established by thermo-power measurement and the
positive value of room temperature Seebeck coefficient (Sgr = + 93 uV K') of this sample
confirmed the p-type nature of the film. But for the films deposited for 45 min and less,
thermo-power measurement could not be performed and only hot-probe measurements
confirmed the p-type conductivity in these films.

8. Field-Emission Properties of CuAlO, Thin Films

Low-macroscopic field (LMF) emission of electrons from the surface of a thin film to the
vacuum in the presence of a macroscopic electric field (mean field between the parallel plates
in a capacitor configuration) is currently of much interest due to the potential applications in
cold cathode devices.

Here we have discussed the field-emission properties of CuAlO; thin film synthesized by
both D.C. and reactive sputtering, and discussed in details the emission mechanism. As
CuAlQ; is a wide bandgap p-type semiconducting material, its field-emission properties may
give an additional impetus on the properties of this technologically important material and
may open-up a new window in the field-emission technology with a new group of materials
other than carbon-based films.
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8.1. Description of Apparatus

Field emission measurements were carried out by using a diode configuration consisting of a
cathode (the film under test) and a stainless steel tip anode (conical shape with a 1 mm tip
diameter) mounted in a liquid nitrogen trapped rotary-diffusion vacuum chamber with
appropriate chamber baking arrangement. The measurements were performed at a base
pressure of ~ 7 x 107 mbar. As the substrate glass was non-conducting, the negative terminal
of the high voltage D. C. power supply (range is 0 to 5 kV) was connected with the films by
silver paint, at least 6 mm away from the position of the anode tip. The Ohmic nature of the
contact was checked before field emission experiment. The sheet resistance of our film was
few hundred kilo-ohms/[] and the maximum emission current measured, was almost 30 pA.
So, during emission process, if there was any voltage drop occurred between the contact and
the portion of the sample just under the anode tip, it would be at the most, of the order of few
volts, which was quite small compared to the applied voltages (~ kV). Hence we neglected
this drop and all the calculations were done with the applied voltages. The tip-sample distance
was continuously adjustable to a few hundred um by spherometric arrangement with a screw-
pitch of 10 um. The tip was first touched to the sample surface and then raised by a controlled
amount according to the spherometer-scale attached to the anode. The macroscopic field is
calculated from the external voltage applied (V), divided by the anode-sample spacing, d
(obtained from spherometric arrangement). The current was measured by Keithley
electrometer (model 6514), whose current detection range is 100 aA to 21 mA. A current
limit of 1 mA was set to avoid destruction of the films from excessive current flow. The
whole surface of the film was visible through the chamber view-port, which enabled us to
recognize the electron emission and discharge. It was confirmed that no discharge was taking
place between the anode and the sample, so the current detected, was entirely due to cold
field-emission process. The schematic diagram of the field-emission apparatus was shown
previously [207].

8.2. Field-Emission Properties

Fig. 57 and Fig. 58 show the emission current (I) vs. macroscopic field (E) curves of D. C.
sputtered CuAlO; thin film (post-annealed for 60 min) and reactive sputtered CuAlO, thin
film (post-annealed for 60 min) respectively Both the films were deposited on glass substrates
and the anode-sample separations (d) were 100, 140 and 200 um respectively for both the
films. As obvious, it has been observed that in both cases, the
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Figure 57. Emission current (I) vs. macroscopic field (E) curves for D. C. sputtered CuAlO, thin films
post-annealed for 60 min, for different anode-sample (d) spacing.
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Figure 58. I-E curves for reactive sputtered CuAlO, thin film.
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curves are almost identical in nature. The macroscopic field is calculated from the external
voltage applied (V), divided by the anode-sample spacing, d (obtained from spherometric
arrangement in the field-emission apparatus).

Theoretically, the emission current I is related to the macroscopic field E by

y
5 ~bv ¢ 2
I=AatF2¢ l(ﬂE)zexp{#} 27)

where, ¢ is the local work-function, B is the field enhancement factor discussed earlier, A is
the effective emission area, a is the First F-N Constant (= 1.541434 x 10° A eV V'z), b is the
Second F-N Constant (= 6.830890 x 10° ev3? v m'l), and vy and tg are the values of the
special field emission elliptic functions v and t [210], evaluated for a barrier height ¢. In so-
called Fowler-Nordheim coordinates, this equation takes the form:
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An experimental F-N plot is modified by the tangent to this curve, taken in the mid-range
of the experimental data. This tangent can be written in the form [261, 262]:

3
(sbﬁﬂ‘l)

29
£ (29)

-} =Intraag™p% ) -
E

where r and s are appropriate values of the intercept and slope correction factors, respectively.
Typically, s is of the order of unity, but r may be of order 100 or greater. Both r and s are
relatively slowly varying functions of 1/E, so an F-N plot (plotted as a function of 1/E) is
expected to be a good straight line. The F-N plots of our samples are shown in Fig. 59 and
Fig. 60, for the D. C. sputtered and reactive sputtered films respectively. It has been observed
that all the I-E curves in the present work are closely fitted with straight lines. This suggests
that the electrons are emitted by cold field emission process. The turn-on field, which we
define as the macroscopic field needed to get an emission current I = 8.0 x 10” pA [cf. Fig.
57 and 58], (which corresponds to an estimated macroscopic current density, Jes = 1 uA/cmZ,
where Jes = I/A, A = anode-tip area) was found at and around 0.5 to 1.2 V/um for both the D.
C. sputtered and reactive sputtered films. These values are comparable to the conventional
low-threshold field emitters like carbon nano-fibres (~1.1V/um) [86] but quite lower than that
of amorphous carbon and DLC films (8 — 20 V/um), diamond films (5 — 15 V/um) [82, 85,
263-267], Si-C nanorods (13 — 20 V/um) [87] etc. It is worthwhile to mention that the
definition of the turn-on field is not universal. For carbonaceous emitters like a: C, DLC,
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Figure 59. F-N plots of D. C. sputtered CuAlO, thin film.
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Figure 60. F-N plots of reactive D. C. sputtered CuAlO, thin film.

diamond etc., some authors [80, 265] had defined it as the field for which the macroscopic
current density is 1pA/cm’®. But Hirakuri et al. [82] considered this value as 0.01pA/cm’,
whereas Robertson [263] had chosen this at 0.1puA/cm?. But for carbon nano-fibres and Si-C
nanorods, as the maximum emission current is quite large, the turn-on field is defined at a
higher macroscopic current density of the order of 10 pA/cm® [86, 87] to as large as 10
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mA/cm’ [268]. In both the I- E curves (Fig. 57 and 58), we have observed a parallel-shift of
the curves w. r. t. anode-sample separation (d), but the nature of the curves is identical, i.e. a
slight increase in the current with the increase in the anode-sample separation, at a given
field, has been observed. For example, in Fig. 57, at a field of 4 V/um, the I-values were
found to be 2.5 pA [for d = 200 um], 1.5 pA [for d = 140 um] and 0.8 pA [for d = 100 um]
respectively. Similarly, in Fig. 58, at a field of 4 V/um, the I-values were found to be 10.3 pA
[for d =200 pm], 7.6 pA [for d = 140 pum] and5.1 pA [for d = 100 um] respectively. Similar
observation was also reported by Zhou et al. [87], for their B-SiC nanorods. Although they
have not given any reason for that, but we suppose that this type of shift observed for our
sample, was probably due to the change in the effective emission area of the sample. And this
change in the effective emission area w. r. t. ‘d’, might be related to the geometry of the
anode. As mentioned earlier, the anode in our experiment is conical in shape with a tip
diameter of 1 mm, therefore the lines of force emanating from the edge of the anode-tip, and
terminating to the sample surface, are diverging in nature, whereas the lines of force
emanating from the flat surface of the tip are parallel in nature (neglecting the small surface
undulations of the highly polished anode-tip). Hence, the effective emission area of the
sample becomes an increasing function of the anode-sample separation, ‘d’, as described
schematically in Fig. 61(a). It seems reasonable to consider this argument as a valid one, if
we compare this with the experimental findings of Okano et al. [269] and Groning et al. [270]
for their diamond and DLC films respectively. Okano et al. [269] reported that their
macroscopic current density was independent of the anode-sample separation. This might be
related to the basic constructional differences between their field-emission apparatus and
ours. Their field-emission apparatus consisted of a parallel plate arrangement of the anode
and the sample, separated by spacers, as shown in Fig. 61(b). So the electric lines of force
between the anode and the sample were more or less parallel in nature; hence the effective
emission area remained independent of the anode-sample spacing. On the other

effective emission area

Figure 61(a). Schematic diagram of dependence of effective emission area as an increasing function of
anode-sample separation, d. The sketch is not exactly to the scale.
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Figure 61(b). Schematic diagram of parallel plate configuration of field-emission apparatus. The sketch
is not exactly to the scale.

hand, Groning et al. [270] used a spherical stainless steel anode-tip in their field-emission
apparatus. Hence, lines of force between the anode-tip and the sample in their experiment
were diverging in nature. They observed a parallel shift in the I — E curves for their sample
before and after raising the field to 50 V/um for 1 hour of operation, keeping the anode-
sample separation fixed. They argued that this parallel shift was due to the increase in the
emission area of the sample and this area-enhancement was the result of the morphological
changes occurred in the film during operation. Following this point of view, to see whether
the area-increment in our samples is due to any morphological changes in the films or not, we
have done the experiment in both ways: firstly, with increasing anode-sample spacing and
secondly, with decreasing anode-sample spacing. But in both cases similar types of shifts in
the I — E curves were observed, indicating no (or almost negligible) morphological changes
occurred in the film during operation. So our argument, that in our experimental set-up, the
effective emission area of the sample becomes an increasing function of the anode-sample
separation, is justified.

According to Eq. 29, the slope of the tangent would carry the information of the local
work function (¢) of the emitter-tip. Assuming an ideal flat emitter with field enhancement
factor () equal to 1, we have obtained an estimation of the values of ¢ from the F-N plots
(Fig. 59 and 60) to lic between 1.68 x 10~ and 5.84 x 10™ eV for D. C. sputtered films and
1.85x 10™ to 4.0 x 10 for reactive sputtered films. But the true local work function must be
much larger than these values, due to the factor, 3, which depends on the shape of the emitter.
Forbes et al. [271] determined its value via the ‘hemisphere on a post approximation’ (Fig.
62) as:

0.7L
v 30
B 2 (30)

within the range 30 < L/R < 2000. (where, L = height of the post, and R = radius of the
hemisphere). Some comments on various models for the determination of field enhancement
factor are given in Ref. [271]. In the previous section [cf. Section 5, Table 14], we have
furnished the particle size of both D. C. sputtered and reactive sputtered
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Figure 62. ‘Hemisphere on a post’ model. Macroscopic field, E, enhanced by a factor, 3, determined by
the height of the post, L, and radius of the hemisphere, R (Ref. [271]).

CuAlO; thin films as low as 26 nm and 32 nm respectively, obtained from XRD data,
whereas the film thicknesses were around 0.5 pm, obtained from cross-sectional SEM. The
nanometric particle sizes of our films are also justified from the SEM and TEM micrographs
of the films shown in Fig. 63(a) and 63(b) respectively. SEM image (Fig 63a) of reactive
sputtered film depicts a smooth surface of the films, indicating very small particle size,
beyond the resolution of the SEM used. On the other hand, TEM micrograph (Fig. 63b) of the
same indicates some cluster formation with particle size roughly around 30 to 40 nm (SEM
and TEM images of D. C. sputtered films are almost identical in nature, and hence not shown
here). So the emission tip radius (R) of our sample would be of the order of few nanometers
(considering the sharp emission tip radii are almost 10 % of the particle size) and assuming
the height of the post (L) is equal to the film thickness, the approximate 3-value obtained for
our samples was around 180. This value of 8 falls within the range (150 — 300) predicted by
Groning et al. [270], for their N-doped DLC films and they stated that this sort of -values
was not unusual even on mirror like polished copper samples. So the local work functions
increased by almost two orders of magnitude, and come out in the order of 0.15 eV to 0.2 eV.
But still these are approximate values and quite less than the work function of the bulk
material, especially for a wide bandgap, p-type semiconductor like CuAlO,, as shown
schematically in Fig. 64(a). So these small values of ¢ may be treated as some barrier
potential (barrier height, H, before Schottky lowering), which would give an estimation of the
electron affinity, y, of the material, depending on the mode of emission [213]. Although, the
mechanism of the electron emission from this material is still not quite clear, but the low
value of barrier height might be an indication of the dominant non-degenerate conduction-
band emission, with an estimated electron affinity of the order of 0.2 eV. This low value of
might be related to the wide bandgap of our film (E, = 3.7 eV, for D. C. sputtered films and
3.9 eV for reactive sputtered films (cf. Table 15) respectively), as explained previously, by
Robertson [81], for diamond films [212, 267], which is a p-type semiconductor having
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considerable large bandgap (E, = 5.6 V). But for a p-type semiconducting material, this type
of sustained conduction-band emission is unlikely, unless injection to the conduction band

inside the film may take place. This injection may be related to the internal nanostructure of
our material.

28k UV XS. 2028

Figure 63(a). SEM micrograph of reactive sputtered CuAlO, thin film.

Figure 63(b). TEM micrograph of reactive sputtered CuAlO, thin film.

So, the ‘ENH-material hypothesis’, put forward by Forbes [213], that electrically
nanostructured heterogeneous (ENH) materials with quasi-filamentary conducting channels
inside a less conducting matrix, show low-macroscopic field emission, may be applicable to
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Figure 64(a). Schematic diagram of approximate energy level diagram of CuAlO; thin film. The energy
levels are not exactly to the scale.
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Figure 64 (b). Schematic diagram of ENH-model for CuAlO, film (After Ref.[213]).

our film also, as the particle size of our film was obtained around 30 to 40 nm with a film
thickness of 500 nm (cf. Fig. 63). The mechanism is explained schematically in Fig. 64(b),
where the macroscopic field (E ~ 1 to 6 V/um) is enhanced due to the field enhancement
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factor (p ~ 220) by almost two to three orders of magnitude to produce large local field (BE ~
0.22 to 1.32 V/nm) and thus provides necessary energy for electron tunneling. So,
geometrical field enhancement inside as well as at the film / vacuum interface is assumed to
be the primary cause of the low-threshold field emission of our films. It is also to be noted
that, recently several transparent, wide bandgap oxide-based thin films have been reported to
show good field emission properties such as ITO [198], SnO, [199, 272], ZnO [200-205, 273]
etc. So these results are very important, interesting and encouraging in the sense that these
wideband transparent semiconductors can become perfect alternative to the carbon-based
films in the area of field-emission displays.

9. Conclusions

Polycrystalline, p-type semiconducting, transparent CuAlO; thin films were deposited by D.
C. sputtering of sintered CuAlO, powder on Si and glass substrates successfully. The post-
deposition oxygen annealing time (t,) of the films was taken as a variable parameter (from 30
min to 150 min) to observe any change in the optical and electrical characteristics of the
films. XRD spectrum confirms the polycrystalline nature of the films with small grain size (~
26 nm). All the films were highly transparent in the visible region. Both allowed direct and
indirect transitions were found to exist in the films. Corresponding direct band gap values
were determined to be around 3.7 to 3.8 eV for all the films. P-type conductivity was
confirmed from both thermoelectric power and Hall effect measurements. Sputtered-
deposited transparent p-type semiconducting CuAlO, thin film showed fairly high
conductivity with a maximum room temperature conductivity in the range of 0.39 S cm™ and
a carrier concentration ~ 1.2 x 10" cm? , for the films with t, = 90 min. It appears that, to
some extent, post-deposition annealing of the film in oxygen atmosphere controls the p-type
conductivity of the film. Compositional analyses reveal an increase in the excess oxygen
content within the films with t, upto 90 min. These values range from 0.5 at % (for t, = 30
min) to 5.0 at % (for t, = 90 min) over stoichiometric value, whereas room temperature
conductivities (ogr) increase from 0.09 S cm™ to 0.39 S cm™ (for annealing times 30 to 90
min respectively). This suggests that excess oxygen, within the crystallite sites, may be
inducing nonstoichiometry in the film, which, in turn, manifests the improved p-type
conductivity of the CuAlO; thin film. Activation energies for these films range from 270 meV
to 196 meV respectively. FT-IR spectra of the films indicated the existence of various
bondings among Cu, Al and oxygen.

Thermo-power measurements indicate that CuAlO, may become a candidate material for
thermoelectric conversion. CuAlO; has a natural superlattice structure, with an effective two-
dimensional density of states (along ab-plane). This type of layered-structure material could
become a good thermoelectric converter. Room temperature Seebeck coefficients (Sgr) are
found to be +230, +141 and +120 pV K for t, = 90, 60 and 30 min respectively, with E¢ =
130, 151 and 200 meV respectively. An increase in Sgr with Gry is observed, which is
expected for superlattice materials. Also, from band picture, it is observed that, higher the
conductivity of the film, closer is its Fermi level to the upper edge of the valence band, which
is obvious for a p-type material.

We have also successfully deposited polycrystalline p-type semiconducting CuAlO, thin
films on glass and Si (400) substrates by reactive D. C. sputtering of a target, fabricated from
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a stoichiometric mixture of Cu and Al metal powders. XRD spectrum confirmed the
polycrystalline nature of the films with small grain size (~ 32 nm). The films were transparent
in the visible region. Both allowed direct and indirect band gaps were found to exist and their
corresponding values were 3.75 eV and 1.85 eV respectively. The p-type conductivity was
confirmed by positive values of the Seebeck and Hall coefficients. The films showed fairly
high room temperature conductivity of the order of 0.22 S cm™. The carrier concentration in
the films was found to be ~ 4.4 x 10" cm™. This is due to nonstoichiometric defect attributed
to excess oxygen atmosphere introduced into the system during deposition. From EDX
analyses, the composition of the film is found to be Cu: Al: O = 1: 1: 2.08, supporting the
above argument. FT-IR spectra of the films indicated the existence of various bondings
among Cu, Al and oxygen.

Wet-chemical synthesis of transparent copper aluminium oxide thin films has been
performed successfully. XRD-pattern confirms the proper phase formation of the film with a
strong (006) orientation. SEM micrograph shows existence of a smooth surface with some
bigger clusters dispersed on the surface, which resulted due to the agglomeration of finer
grains. Cross-sectional SEM reveals the thickness of the film around ~1.5 pum. Optical
transmittance spectra depicts almost 90 % transparency of the film in the wavelength range of
500 nm to 800 nm, with a direct allowed bandgap of 3.98 eV. Hot-probe measurement
confirms the p-type nature of the film.

The cost-effective fabrication of this technologically important material is extremely
important for the large-scale production of device quality films. Low-cost physical routes like
D.C. and reactive sputtering as well as chemical synthesis of p-CuAlO, thin films will enable
fabrication of high quality films for diverse device applications.

AII-TCO p-n hetero-junction diodes having the structure: n-ZnO: Al / p-CuAlO, have
been successfully fabricated on glass substrates. The current-voltage characteristics of the all-
transparent heterojunction diode shows the rectifying properties, indicating proper formation
of the junction. Maximum current obtained at 5 V is around 1 pA and the turn-on voltage
obtained as ~ 0.8 V. The forward bias current is greater than the reverse bias current by
approximately a factor of ~ 30 at = 4 V. The optical transmision spectra of the n-ZnO: Al / p-
CuAlO, diode showed visible transparency around 60 %, indicating its potential applications
in the field of ‘Transparent Electronics’.

Nanostructured p-type conducting CuAlO, thin films have been synthesized by D. C.
sputtering with deposition time as the variable parameter. It has been observed from TEM
micrographs that for the films deposited with as low as 3 min, particle size is around 10 nm
with a film thickness ~ 30 nm. With increase in the deposition time, an increase in the particle
size is observed in the films, which is attributed to the agglomeration of smaller particles into
bigger ones due to the greater time of exposure of these films into sputtering plasma. Optical
transmission spectra of the films show an increase in the average visible transmittance with
decrease in deposition time. For the film deposited for 3 min, the average visible
transmittance is almost 99 %. This is mainly due to the smaller thickness of the film (~30
nm), which reduces the scattering and absorption of photons within the films. Also a blue-
shift or widening of the bandgap of the material is observed with decrease in deposition time.
As particle size decreases with decrease in the deposition time, this bandgap broadening is
attributed to the quantum confinement effect, where the bandgap of a semiconductor
nanoparticle becomes an inverse function of the particle size. Room temperature
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photoluminescence measurements of this material showed UV bands around 3.56 eV to 3.66
eV for the films deposited for 45 min to 9 min respectively, which arises from the room
temperature excitons. The existence of room-temperature excitons in CuAlO, is supposed to
originate from low relative dielectric constant of the material and high reduced mass of the
excitons, which produces large exciton binding energy. A blue-shift of the emission peaks is
observed with decrease in the particle size, confirming the quantum confinement effect within
the CuAlO, nanoparticles. The p-type conductivity of the films is confirmed by thermo-power
as well as hot-probe measurements. This result of the synthesis of nano-crystalline p-CuAlO,
(as well as other nanostructured p-TCO thin films, reported by various groups) will enable to
fabricate nano-active devices which may give a new dimension in the field “Invisible
Electronics”.

Transparent p-CuAlQO; thin films prepared by D. C. and reactive sputtering have been
investigated for its field emission properties. The anode-sample distance was varied from 100
to 200 um. The film showed considerable low turn-on field between 0.5 — 1.2 V/um. The F-N
plots were found to be straight-line in nature which indicates that the electrons are emitted via
cold-field emission mechanism. This low macroscopic field emission of the films may be
attributed to the internal nanostructure of the films, which creates significant field
enhancement inside as well as near the film-vacuum interface. Also secondary effect, such as,
the presence of surface states creating field enhancement, may not be ruled out. This finding
might open up a new direction in the field emission technology, and a new type of materials
(such as, different TCOs) might become a promising candidate for low-threshold field
emitter.

10. Future Directions

First and foremost future course of our research will be to increase the conductivity of these
p-TCO materials. The maximum conductivity of our p-CuAlO, film is almost two orders of
magnitude less than that of commercially available n-TCO films. So this may put hindrance
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 intercalation, beyond an optimum value, is found to
deteriorate the film quality. So intentional doping of the material is the obvious step to
increase the conductivity of the film. Identification of proper dopant and doping procedure
will be the focus of our future work. Several theoretical articles have been published so far
[163, 164, 227, 228, 274], indicating various doping materials and procedures to enhance the
electrical characteristics of this material but no experimental work has yet been reported, as
far as literature survey goes. Therefore, doping of p-CuAlO; thin film for superior device
quality films is an important area of research 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. Here we have used a
combination of cost-effective physical and chemical routes but future work will be aimed to
improve the opto-electrical properties of these transparent junctions.
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Another area of research, which is not yet explored completely, but has tremendous
potential, is the thermoelectric properties of CuAlO, films. Being a layered-structured
material, this material as well as other delafossite materials can become very good candidate
for thermoelectric converters. Recently, Park et al [275] have reported a significant increase
in the thermoelectric properties of this material for Ca substitution in Al sites at high
temperature. They have observed the highest value of power factor around 7.82 x 10~ Wm '
K2 for CuAlpgCag,0, at 1140 K. 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, fabrication and
characterization of nano-structured p-CuAlO, as well as other p-TCO thin films may become
an important field of work, because of new and interesting properties exhibited by these nano-
materials. Proper fabrication procedure to get reproducible nano-materials is the most
important future work. Also in-depth studies of the photoluminescence properties of p-
CuAlO, nano-particles will be another area of research, which is needed to be explored
properly. Fabrication of nano-structured p-TCOs, coupled with the already existing and well-
known materials of nano-structured n-TCOs, will give an added impetus in the field of
“Invisible Electronics” for the fabrication of nano-active devices, which can have high-
efficient applications in the optoelectronics device technology.

Field-emission property of CuAlO; thin films is a completely new area of research, which
has tremendous 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 TCO materials 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-CuAlO, can become a good candidate for ozone sensors.
Zheng and co-authors [276] reported that CuAlO, has a selective and reversible response to
ozone gas at room temperature. All existing commercial semiconductor ozone sensors are of
n-type [277-280]. 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 In,0;.

Photocatalytic hydrogen evolution over delafossite CuAlO, is another interesting report
published recently by Koriche et al [281]. This group proposed a new photochemical system
for water reduction based on p-CuAlO, and S* as hole scavenger. They have used co-
precipitation method, a new synthetic route, to synthesis CuAlO,, which increased the surface
to volume ratio and delivered a highest H, production. This report is very interesting and
shows newer applications of delafossite p-CuAlO, material.

Also, recently Kizaki and co-authors [282] proposed a materials designing procedure to
get CuAlO,-based dilute magnetic semiconductors. Ab-initio calculations showed that Fe-
and Mn-doped CuAlO,-based dilute magnetic semiconductors possess high-Curie-
temperature ferromagnetic characteristics. Being a natural p-type transparent semiconductor
without intentional doping, CuAlO, 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 Al™ sites, for possible magnetic ion
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substitution. O—Cu—O dumbbell-sites in delafossite CuAlO, can be partially 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 CuAlQ,.

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