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Abstract

Transparent, p-type semiconducting crystalline thin films have recently gained tremendous interest in the
field of active devices. All-transparent junctional devices have begun a new generation in the optoelectronics
technology called “Invisible Electronics’’. Non-stoichiometric and doped versions of various new types of
p-type transparent conducting oxides (p-TCO) with improved optical and electrical properties have been syn-
thesized in the last few years in this direction. A wide range of deposition techniques has been adopted to
prepare the films. In this review we have tried to discuss the origin of p-type conductivity in these transparent
oxides. Also an up-to-date and comprehensive description of different p-type transparent conducting oxide
thin films is presented. The growth techniques of these films along with the relative deposition parameters are
reviewed in detail. Electrical and optical properties of the films and fabrication of all-transparent diodes are
discussed which are important in the development of “Transparent Electronics’. Also, recently, the research
on nanostructured materials generates great interest in the scientific community and offers tremendous op-
portunities in the field of physics, chemistry, materials science and related interdisciplinary areas because
of new properties exhibited by them and challenging problems thrown up for providing theoretical concepts
in physics associated with it. Here, we have also discussed in brief, the formation of different nanocrystalline
p-TCO films, which may open up an extremely important and interesting field of research for the fabrication
of all-transparent nanoactive devices and give a new dimension in the field of “Transparent Electronics”.
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1. Introduction

Transparent conducting oxides (TCO) are well known and have been widely used for a long
time in optoelectronics industries as well as in research fields. The first report of transparent
conducting thin films of cadmium oxide (CdO) was published in 1907 by Badekar [1] who pre-
pared the films by thermal oxidation of sputtered films of cadmium. Since then extensive works
have been done in the field of TCO technology to prepare new types of TCOs with wide ranging
applications [2—12]. These well-known and widely used TCOs include SnO,:Sb/F, ZnO:In/Al/
F/B/Ga, In,O5:Sn/F/Sb/Pb, Cd,SnO, etc. as well as some new TCOs such as Zn,SnQO,,
ZnSnO3, GalnO3:Ge/Sn, AglnO,:Sn, MgIn,0,4, CdSb,04:Y, Zn,yIn,05, ZnGay0y4, IngSnz045,
CdIn,O4:Sn etc. [13—43]. As far as applications are concerned, TCOs are being used exten-
sively in the window layers of solar cells, as front electrodes in flat panel displays (FPD),
low-emissivity (‘“‘low-e”’) windows, electromagnetic shielding of cathode-ray tubes in video
display terminals, as 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 media, 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), polyimides
and other polymer substrates in roll-coating processes for touch-screen and infrared reflector
applications are the recent challenges for the TCO industries [59,60].

Although the TCOs have a vast range of applications as mentioned above, very little work
has been done on active device fabrication using TCOs [61,62]. This is because most of the
aforementioned TCOs are n-type semiconductors. But the corresponding p-type transparent
conducting oxides (p-TCO), which are essential for junction devices, were surprisingly missing
in thin film form for a long time until in 1997, Kawazoe et al. from Tokyo Institute of Tech-
nology, Japan, reported p-type conductivity in a highly transparent thin film of copper alumi-
num oxide (CuAlO,,,) [63]. This has opened up a new field in optoelectronics device
technology, the so-called “Transparent Electronics” or “Invisible Electronics™ [64], where
a combination of the two types of TCOs in the form of a p—n junction could lead to a *““func-
tional” window, which transmits visible portion of solar radiation yet generates electricity by
the absorption of the UV part [63]. It must be mentioned here that the first report of a semi-
transparent p-type conducting thin film of nickel oxide (NiO) was published in 1993 by Sato
et al. [65] from Kanazawa Institute of Technology, Japan. They observed about 40% transmit-
tance 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 al-
most 20%. Although this low transmittance was not favorable for superior device applications,
nevertheless the report was an important milestone in the field of “Transparent Electronics”
and in the development of TCO technology.

The possibility of the above-mentioned novel applications of TCOs is based on the fact that
the electronic bandgap 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 and 3.1 eV) cannot ex-
cite 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
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n-type TCO) or holes from acceptor level to VB (for p-type TCO) as described in Fig. 1. And
these acceptor or donor levels are created in the TCOs by introducing non-stoichiometry and
(or) appropriate dopants in a controlled manner.

Now for diverse device applications, it is of the utmost importance 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 have a transparency above 80% in the visible region and
a conductivity of about 1000 S cm ™' or more. Intense works have been done for the last five
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, a sys-
tematic review of the major developments in p-TCO materials with regard to the different de-
position techniques and properties of the films so obtained are the needs of the hour. A brief and
partial review of this field had been reported previously by Tate et al. [66] as well as by Nagar-
ajan et al. [67,68]. Also Norton [69] presented a detailed review on the synthesis and properties
of oxide thin films, which briefly includes the importance of p-TCO too. Here we have tried to
give a comprehensive and up-to-date picture of this interesting and challenging field of p-type
transparent conducting oxides.

2. Criteria to choose 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. [70], 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 sub-
stitutional doping or by producing non-stoichiometry within the material) at oxygen 2p levels
or an upper edge of the valence band due to the 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 [71], leading to the formation of a 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 a large barrier
height in order to migrate within the crystal lattice, resulting in poor conductivity and hole
mobility.
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Fig. 1. Bandgap designing for transparent conductors. Visible photons (2.1—3.1 eV) do not have enough energy to ex-
cite 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.
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A possible solution proposed by Kawazoe et al. [70] 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 the O 2p level. This would reduce the strong cou-
lombic force by oxygen ions thereby delocalizing the holes. This is the essential approach to
obtain p-TCO, which is called “Chemical Modulation of the Valence Band (CMVB)” [70].

But the next requirement is the choice of appropriate cationic species that will serve for the
CMVB technique. Investigations showed that the required cationic species are the 3d'°-closed
shell of Cu™ ions and 4d'’-closed shell of Ag™ ions [70,72]. Although some transition metal
cations with an open d-shell may fulfill the energy requirement [73] for CMVB technique
they usually show strong coloration due to a d—d transition, which is not expected for transpar-
ent materials. Hence the focus has been concentrated towards the cations mentioned above,
with closed (d's”) electronic configuration. Fig. 2 shows a schematic illustration of CMVB
technique. Both of the atomic orbitals are occupied by electron pairs, and the resulting anti-
bonding level becomes the highest occupied level, i.e. the valence band edge (as shown in
Fig. 2).

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 be-
havior of 2p electrons on oxide ions [70]. 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 o bonds with the coordination cations. This electronic configuration reduces the non-bond-
ing nature of the oxide ions and increases the delocalization of holes at the valence band edge
(that is why Cu,O0 is a p-type conducting oxide [74—77]). But Cu,O, although p-type in nature,
has rather small bandgap (2.17 eV) [75]. 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 [78]. As we are interested
in transparent conducting oxides, the 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 MIMmOZ (MI = monovalent ions, Cut, Ag*; M™ = trivalent ions, Al™3, Ga™t>,
In™3, Cr'3, Fe™, Co™ etc.) [79—81] were chosen as the candidates for p-TCOs for several
reasons. First, if we investigate the delafossite structure as shown in Fig. 3, we see an
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Fig. 2. Schematic diagram of CMVB method (after Ref. [70]).
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Fig. 3. Delafossite crystal structure (after Ref. [190]).

alternative stacking of M' and layers of nominal M"™ O, composition consisting of M"™—0g
octahedra sharing edges. Each M' atom is linearly coordinated with two oxygen atoms to
form an O—M'—0 dumbbell unit placed parallel to the c-axis. O-atoms of O—M'—0 dumbbell
link all M" layers with the M™'O, layers. On the other hand each oxide ion in the M™O, layer
forms a “pseudo-tetrahedral coordination (M5'M'0)” [70] with the neighboring M™ and M'
ions. Hence, as previously mentioned this electronic configuration reduces the non-bonding na-
ture of the oxide ions and therefore delocalizes the holes at the valence band edge. Second, this
layered structure (O—M'—0 dumbbell layer and MO, layer) effectively reduces the dimen-
sion of crosslinking of M" ions thus enlarging the bandgap [63]. And finally, another important
factor in this structure is the low coordination number of the M" ions, due to the large separation
from oxygen ligands, which is the result of the strong coulombic repulsion between 2p
electrons in oxygen ligands 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 the CMVB technique [70].

As the importance of p-TCO lies in the active device fabrication, it is very important to have
lattice matching between both the p and n-types of the TCOs to form p—n homo-junctions.
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 de-
signing n-TCOs, specially for the cations like Ga™>, In™ in the M"™ sites with s° configuration
[70]. Following the above argument, a delafossite AgInO, thin film with n-type semiconductiv-
ity has already been demonstrated [36].

3. p-Type transparent conducting oxides with delafossite structure
3.1. CcuM™o, (M™ = trivalent cations)

The first and the most important material in this group is copper aluminum oxide (CuAlQO,).
This material has been known to exist for nearly 50 years [82]. Back in 1984 its p-type
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conductivity was first reported by Benko and Koffyberg [83], although Kawazoe et al. [63] first
prepared it in transparent thin film form for possible application in p-TCO technology. The
structural properties of this material were extensively studied by Ishiguro et al. [84—86]. The
structure is shown in Fig. 3. It belongs to the R3m (D3,) space group with thombohedral crystal
structure [84]. Other p-TCO thin films belonging to this group are copper gallium oxide
(CuGaO,) and copper indium oxide (CulnO,) [87—89]. The lattice parameters of these materi-
als were reported in various literatures [80,83,90,91]. Also, the band structures of these materi-
als were calculated by Yanagi et al. [78], Robertson et al. [92] and in detail by Ingram et al. [93].
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.
[66,88,89,94—96]. Crystallographic data as well as band structure calculations of these ma-
terials had also been reported in various literatures [90,97,98]. Preparation of some other
highly resistive (~ 10° Q cm) new delafossite materials such as CuFe; ,V,0, (x=0.5), Cu-
Ni;_,Sb,0,, CuZn,_,Sb,O,, CuCo;_,Sb,0,, CuMg, ,Sb,0,, CuMn;_,Sb,0, (x=0.33) in
powder form had been reported by Nagarajan et al. [67,68] (but no thin film preparation of
these materials has been reported so far). Preparation of 10% Sn doped CuNi;_,Sb,O, thin
film has been reported by the same group [66,68], having reasonable visible transparency

(60%) and conductivity (5 x 107>Scm ™).

3.2. AgM™ 0, (M™ = trivalent cations)

Most of the p-type semiconducting delafossite materials are Cu based. Corresponding Ag-
based delafossite materials are difficult to be synthesized by simple solid-state reaction [66].
The first report of Ag-based delafossite thin film was AgInO,, which is n-type in nature
[36]. Later, Nagarajan et al. [67] reported that Mg-doped AgInO, powder (Agln,_ Mg,O,,
x=0.1), when treated with fluorine or high-pressure oxygen developed a p-type nature whose
conductivity was observed to be as low as 107° Scm™". A series of similar types of delafossite
materials have been synthesized by the same group [67], but only in powder form; they include
AgScO,, AgCrO,, AgGaO, etc. All of these pellets showed very low conductivity
(~107°Scm™") and no thin film preparations of these materials have been reported so far.
On the other hand, the first report of Ag-based delafossite thin film with p-type conductivity
was reported by Tate et al. [66], which is silver cobalt oxide (Ag,CoO,; x < 1). The film showed
reasonable conductivity (2 x 10" Scm™"') and almost 50% transparency in the visible region
with a direct bandgap value of 4.15 eV (shown in Fig. 4(a) and (b)). The better conductivity of
this film over other Ag-based delafossite materials may be attributed to the greater degree of
mixing between Co 3d'® orbitals and O 2p® orbitals, resulting in larger delocalization of holes
[99,100]. Doped versions of some other Ag-based delafossites have also been reported such as
AgNi;_,Sb,0,, AgZn;_,Sb, 0O, (x =0.33) etc. [66] but only in powder form. Also no comments
on the nature of conductivity of these powders were given in the literature.

Regarding relative comparison between Cu-based delafossites and Ag-based delafossites, it
has been suggested [101] that the former group should be better candidates as transparent con-
ductors because of their greater hole mobility, which is due to the Cu-3d character of the va-
lence band edge of Cu-based delafossites. Whereas for Ag-based delafossites, the valence
band edge possesses O-2p character and d-manifold holes are more mobile than that of p-mani-
fold [67].



58 A.N. Banerjee, K.K. Chattopadhyay | Progress in Crystal Growth and Characterization of Materials
50 (2005) 52—105

(a) (b)
80| &
:\; AgCoO2 E
Y %
= ©
3 =
= -
E z
4 N
£ =)
= )
200 300 400 S00 600 700 800 3.5 4.5 5.5 6.5
Wavelength (nm) Energy (eV)

Fig. 4. (a) Optical transmission of an AgCoO, thin film (after Ref. [66]). (b) Determination of direct bandgap of an
AgCo0, thin film (after Ref. [66]).

3.3. Non-stoichiometry and doping in delafossite p-TCO thin films

The cause of p-type conductivity shown by these types of 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 [102,103]:

01(g) =20 + Vo + Vygin +4h* (1)

where “Op” denotes the lattice oxygen, “V”” s denote the vacancies of monovalent cation M'
and trivalent cation M, respectively, and “h” denotes the hole. Superscripts x, —, 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 M'M™0,,, M'=Cu", Ag" and M™ = A1 Ga®’,
In™3, Y3, Sc™ cations etc.). The value of x i.e. the percentage of excess oxygen may be as
low as 0.001% in CuAlO,,, thin film [64] to more than 25% in CuYO,,, polycrystalline
powder and CuScO, ., thin films [67,104—106]. Fig. 5(a)—(c) shows schematic representation
of stoichiometric ABO, crystal and non-stoichiometric ABO, crystal with “excess” oxygen in
lattice sites and interstitial sites. Figs. 6—8 show some experimental evidence in support of the
theory of enhanced p-type conductivity due to excess oxygen.

Oxygen intercalation in delafossite p-TCOs only showed a maximum reported conductivity
around 3 x 10" S cm™' [94]. But this is still quite smaller than that of commercially available
n-TCOs like indium tin oxide (ITO), which has a room-temperature conductivity of more than
1 x 10° Scm™". So the next activity was focused on the substitutional doping of these materials
by appropriate dopants in order to increase their conductivity. Doping of CuAlO, was attemp-
ted first, as it was the first reported material amongst the 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¢ et al. [107,108] showed that Cd and Zn substitutions on Cu
site would produce n-type conductivity in the material, whereas Ni doping in Cu sites would
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Fig. 5. (a) Stoichiometric ABO, lattice. (b) Non-stoichiometric ABO, indicating excess oxygen in A-lattice site and B-
lattice site. Four holes are created making the material p-type conducting. (¢) Non-stoichiometric ABO, lattice indicat-
ing excess oxygen in interstitial sites. Each interstitial oxygen traps electrons to form an O~ anion, leaving behind two
holes (after Ref. [181]).

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,_,Ga, 0, (0 <x<0.5) was reported by Shahriari et al. [109]. But no film preparation
of this material was reported by them. Also no other experimental data on the doping of
CuAlO; thin film have so far been reported.

Heavy doping (~50%) of CuGaO, by Fe™ in Ga sites has been reported by Tate et al. [66].
Their strategy was to combine high transparency of CuGaO, thin film (~80% in the visible
region [87]) with better conductivity (over other Cu and Ag-based delafossites [81]) of CuFeO,
pellets (2.0 Scm™ ' [81,110]).

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 increased the conductivity of the
film from 2 x 1072 Scm ™! (for an undoped CuGaO, thin film) to almost 1.0 S cm™ ! for a Cu-
Ga,_,Fe, O, (x=0.5) thin film, whereas transparency of the films became ~60% in the visible
region [66]. The temperature variations of conductivity of undoped and Fe-doped CuGaO, thin
films are shown in Fig. 9. Doping of CulnO,, CuYO,, CuScO,, CuCrO, by divalent cations e.g.
Ca”, Mg+2 etc. were reported by various groups [66,67,88,89,94—96]. When a trivalent cation
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Fig. 6. Increase in the conductivity of CuAlO, thin film with increase in post-deposition oxygen annealing time (z,),
indicating the presence of excess (non-stoichiometric) oxygen in the lattice sites and (or) interstitial sites to enhance
p-type conductivity (after Ref. [197]).

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

(MT 4 3¢7)1 =M™ +2¢7) | +V ™ +h* (2)

where M and M™"” are trivalent and divalent cations, V"~ is the empty state, which is occu-
pied by an electron, e~ and thus creating a “free” hole, h™. The symbols 1 and | denote the
replacement of the trivalent cation by a divalent one in the lattice sites. Such doped delafossite
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Fig. 7. Evidence for the increase in conductivity of CuScO,,,:Mg thin films for different post-annealing O, pressure.
An increase in conductivity leads to a decrease in the transparency of the films (after Ref. [66]).
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Fig. 8. Increase in conductivity of Cu—Al—O thin films with increase in annealing time. Evidence in support of en-
hanced p-type conduction due to excess oxygen (after Ref. [182]).

films like CuCr;_Mg,0O, (x=0.05), CuY,;_,Ca, 0O, (x=0.01-0.02), CuSc,_MgO,
(x=10.05) showed better hole conductivity (shown in Fig. 10) over the corresponding undoped
films. The electrical and optical properties of these films are described in Table 1. Many types
of material are yet to be explored completely. Tremendous opportunities are there to carry out
intense research work in this field.

Some Ag-based delafossite materials like AgM™0, M™ = Sc ™, Cr*?, Ga™ etc.) with 5%
Mg doping at M™ sites were reported by Nagarajan et al. [67]. The conductivities of these
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Fig. 9. Temperature dependence of conductivity of undoped and Fe-doped delafossite CuGaO, thin films, indicating
increase in conductivity with doping (after Ref. [66]).
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Fig. 10. Temperature dependence of conductivity of some doped delafossite thin films (after Ref. [95]).

sintered powders were very low (~10°—10"*Scm™ ') and also no film preparation of these

materials have been 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,_,V,0, (x=0.5), CuNi,_,Sb,O,, CuZn,_,Sb,05,

Table 1
Delafossite p-TCO thin films with different doping concentrations and their respective optoelectrical parameters
Material Dopant % of Average film T Eq girect  OrT SrT Reference
doping thickness (nm) (%) (eV) (Sem™) VK™
CuAlO, Undoped — 230 70 35 0.34 +214 78
CuGaO, Undoped — 500 80 3.6 0.063 +560 87
CuGa,_,Fe, 0, Fe 0.5 150 60 34 1.0 -+500 66
Culn;_,Ca,0, Ca 0.07 170 70 ~3.9 0.028 +480 88
CuCrO, Undoped — 250 40 ~3.1 1.0 - 95
CuCr;_,Mg,0, Mg 0.5 270 50 3.1 220 +150 95,67
CuYO, Undoped — 200 60 ~3.5 0.025 - 96,67
CuY;_,Ca,0, Ca 0.01-0.02 240 50 35 1.05 +275 96,67
CuScO,* Undoped — 110 40 ~33 30.0 - 94,67
CuSc,_,Mg,0," Mg 0.05 220250 80  33-3.6 ~0.07 - 66,111
60  -do- ~0.1 -
25 -do- ~0.8 -
15 -do- ~20.0 -
CuNi;_,Sb,Sn,0, Ni 0.66 ~200 60 34 0.05 +250 66
Sb 0.33
Sn 0.033
AgCo0;° Undoped — 150 50 415 0.2 +220 66

# 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. [111] the dop-

ing concentration of Mg was 1%.
¢ The Ag:Co ratio was 1.1:1.



A.N. Banerjee, K.K. Chattopadhyay | Progress in Crystal Growth and Characterization of Materials 63
50 (2005) 52—105

CuCo,_,Sb,0,, CuMg,_,Sb,0,, CuMn,_,Sb,O, (x=0.33), AgNi,_,Sb,0,, AgZn,_,Sb,0,
(x=10.33) etc., but all in the form of sintered powder [67,68]. Also triple substitution of triva-
lent cations had been reported by Tate et al. [66,68] in the form of CuNi,;_,Sb,Sn,0, (x = 0.3,
y=10.033). Thin films of this material showed an average of 60% transmittance with a room-
temperature conductivity of 5 x 1072 Scm ™. All the electro-optical parameters as well as dop-
ing concentrations of the above-mentioned materials only in thin film form have been furnished
in Table 1.

4. Non-delafossite p-type transparent conducting oxides
4.1. CuySrO,

Besides delafossite films, another type of p-TCO thin film in the form of Cu,SrO, has been
synthesized by Kudo et al. [112]. The crystallographic data and band structure calculations
were done by Teske and Miiller-Buschbaum [113], Boudin et al. [114] and Robertson et al.
[92]. This material has a body-centered tetragonal crystal structure with an /4,/amd (D}g) space
group. Its structure (shown in Fig. 11) has O—Cu—O dumbbells in the form of one-dimensional
zigzag chains and separated by SrOg¢ octahedra. This structure restricted the Cu—Cu interaction
between the nearest neighboring d'® electrons to a single chain. This dimensional reduction of
Cu—Cu interaction was proposed in order to increase the bandgap [112], which is essential for
transparent materials. Undoped and 3% K-doped films were prepared by Kudo et al. [112]. The
transparency of the films remain almost same (~70% to 75%) for both types of films whereas
the conductivity increased slightly from 3.9 x 10> Scm ™' for undoped films to
4.8 x 107> Scm ™! for K-doped films (shown in Figs. 12 and 13). Table 2 shows the different
electrical and optical parameters of these films.

4.2. Spinel oxide films

Spinel films (the structure is of general formula AB,0O,) of cobalt nickel oxide (NiC0,0,)
with p-type conductivity and reasonable visible transparency (~40% to 60%) have been

. Oxygen atom

@ Cuatom

{O Sratom

Fig. 11. Crystal structure of SrCu,0, (after Ref. [114]).
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Fig. 12. Transmission spectra of (a) undoped, and (b) K-doped SrCu,O, thin film (after Ref. [112]).

synthesized by Windisch et al. [115]. They observed a variation in the conductivity with
a change in the Ni:Co ratio in the film and at Ni:Co = 1:2, the highest conductivity in these
films was observed (~16 Scm™'). They proposed that Ni* ions located on octahedral sites
within the spinel lattice enhance the conductivity of the film [116]. Fig. 14 shows the variation
of resistivity of Ni—Co—O thin films with composition x (= Co/{Co + Ni}). Minimum resistiv-
ity was obtained at x = 0.67. These films also showed good transparency in the infrared region,
extending its application into infrared optics [115,117].

4.3. Layered oxychalcogenide films

Layered-structure oxychalcogenide films of the form (LaO)CuC" (C" = chalcogenides e.g.
S, Se) showed high optical transparency and reasonable p-type conductivity to become prom-
ising material for “Transparent Electronics” [118,119]. Although this material was first pre-
pared almost two decades ago by Palazzi [120] its p-type conductivity was reported more

1
1000/ T (K )

Fig. 13. Temperature variation of conductivity (¢) of (a) undoped, (b) K-doped SrCu,0O, thin films (after Ref. [112]).
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Table 2
Non-delafossite p-TCO thin films with different doping concentrations and their respective optoelectrical parameters
Material Dopant % of  Average film T Eq girect OrT SrT Reference

doping thickness (nm) (%) (eV) (Sem™') (VK™
Cu,SrO, Undoped - 150 75 ~33  0.004 260 112
Cu,Sr,_,K,0, K 0.03 120 75 ~3.25 0.05 260 112
NiCo,04 Undoped - 100 ~65 - ~16.67 - 115
(LaO)CuS Undoped - 150 70 ~3.1 64x107° 713 119
(La;_,Sr,0)CuS  Sr 0.03 150 60 ~3.1 20 44 119
(LaO)CuS;_,Se,  Se 0.0 ~150 ~60 >3.1 ~0.6 ~250 128

0.25 ~2.5 ~200

0.4 ~20 ~250

0.7 ~15 ~150

1.0 ~25 ~250
(La;_,Mg,0O)CuSe Mg 0.0 ~150 — — 24 — 128

0.2 140* -
In,0;—Ag,0° — — 300 ~20 — 100 — 137
NiO*® Undoped - 111 40 ~38 7.0 - 65
p-ZnO Ga and N co-doped ¢ - ~90 - 0.23 - 164

# The film showed degenerate p-type semiconductivity.

® The film contained 50 wt% Ag,0.

¢ Data given for the films deposited under an atmosphere of Ar+ 50 vol% O,.
4 N:Ga ratio was 2:1 with 5 wt% co-doped Ga in the film.

than a decade ago [121,122]. Ueda, Hiramatsu and co-authors first prepared it in transparent
thin film form to extend its application into p-TCO technology [118,119]. 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

4.0

0.0 -

log P

-2.0 T T T
0.00 0.25 0.50 0.7§ 1.00
X

Fig. 14. Variation of resistivity of Ni—Co—O thin films with composition x (= Co/{Co + Ni}). Minimum resistivity
obtained at x =0.67 (after Ref. [115]).
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} CuS / CuSe layer

} LaO layer

Fig. 15. Crystal structure of (LaO)CuC" (C" = S/Se) (after Ref. [124]).

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]. (LaO)CuCh (Ch = S/Se) have
tetragonal crystal structure with P4/nmm space group [120,121] (crystal structure is shown in
Fig. 15). The CMVB technique [70] adopted for designing p-type TCOs was successfully ex-
tended to these types of materials also, as described by Ueda et al. [118]. The S 3p and Se 4p
orbitals are lower lying than O 2p orbitals. This widens the bandgap, keeping the material trans-
parent in the visible region. Similarly, a high-energy shifting of the conduction band edge oc-
curs in the material due to the presence of highly electropositive rare-earth material like La.
This also reduces the number of Cu—S bonds in a unit cell, thus producing band dispersion
at the valence band edge and hence enhances the hole mobility [118]. Undoped (LaO)CuS
thin films showed around 60% transparency in the visible region with a room-temperature con-
ductivity of ~6.4 x 107> Scm ™ (shown in Fig. 16). Films with Sr doping (3%) in the La sites
show an increase in conductivity of almost six orders of magnitude to ~20 S cm™ ' [119]. Di-
valent Sr*? ions in the trivalent La*> sites may act as acceptors increasing the hole concentra-
tion in the film as described by Eq. (2). On the other hand, heavy doping (20%) of Mg ions in
the La™ sites of (LaO)CuSe films showed degenerate p-type conductivity with ogr
~140 Scm™' (shown in Fig. 17). Also a systematic increase of the conductivity of (LaO)-
CuS,_,Se, (x=0—1) films was observed with increasing Se content in the films (shown in
Fig. 18). All the electrical and optical parameters are described in Table 2. It is worthwhile
mentioning that all the similar types of layered oxychalcogenide materials of the form
(LnOMC" (Ln =rare earth, La™, Pr™3 Nd™, Sm™, Gd™, Y™ etc; M=Cu'!, Ag™;
Cch= S_z, Se_z) [122,127,129,131,136] may become promising materials for diverse
applications in optoelectronics technology, but have yet to be explored completely. Tremendous
opportunities lie ahead in this area of research.

4.4. Other mixed oxide films

Multicomponent oxide films of the form In,O3—Ag,0 have been reported by Minami et al.
[137] to show p-type conductivity with low transmittance of ~20% in the visible region
(shown in Fig. 19). In,O3 is a well-known n-type TCO with a bandgap (£,) of 3.7 eV, whereas
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Fig. 16. Temperature variation of conductivity of undoped and Sr-doped (LaO)CusS thin films. Inset shows the optical
spectra of undoped and Sr-doped (LaO)CusS thin films (after Ref. [119]).

Ag>0 is a p-type semiconductor with a smaller £, of ~1.2 eV [138]. However, a mixture of
these two materials with Ag,O contents of 40 to 60 wt% showed p-type conduction. Post-de-
position air annealing at an elevated substrate temperature (500 °C) of the film with 50 wt%
Ag,O content showed an increase in p-type conductivity upto a maximum value of

10° E
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_
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Fig. 17. Temperature dependence of undoped and Mg-doped (LaO)CuSe thin films (after Ref. [128]).
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Fig. 18. Variation of room-temperature conductivity of (LaO)CuS;_,Se, with change in x (after Ref. [128]).

100 S cm ™" with an average of 20% visible transmittance. Excess oxygen within the film, in-
duced due to air annealing may be the cause of the enhanced p-type conductivity of the films as
described in Section 3.3, but exact stoichiometry has not yet been established.

4.5. Binary oxide films

Transparent binary metal oxides with p-type conductivity include NiO, doped ZnO (e.g.
ZnO:N/As/P) etc. In fact NiO thin film was the first reported p-TCO [65] with a moderate
40% transparency in the visible region and a high 7.0 S cm™' room-temperature conductivity.
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Fig. 19. Optical transmission spectra of (a) as-deposited, and (b) post-annealed (at 500 °C, for 1 h) In,0;—Ag,0 thin
film with 50 wt% Ag,O content (after Ref. [137]).
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The bandgap of NiO single crystal was reported to be between 3.6 and 4.0 eV [139,140]. Nickel
oxide is a metal deficient material of the form Ni; O (0 <x < 0.2) [141]. Antolini [142] pro-
posed that both nickel vacancies as well as excess oxygen in interstitial sites are responsible for
enhanced p-type conductivity of the material. Polycrystalline NiO has a rocksalt-type structure
with cubic symmetry. Lattice parameters and band structure calculations were done in detail by
various groups [141,143,144]. But there was a controversy on whether the carrier conduction in
NiO is thermally activated conduction as often found in non-degenerate semiconductors or
small polaron hopping type [140,141,145,146]. Hydrated NiO is also used as an active electro-
chromic material for various related applications [147—152]. Various optoelectrical parameters
of NiO thin films are listed in Table 2.
p-Type ZnO thin film is another and a very important material in p-TCO technology. Doped
versions of zinc oxides (ZnO:In/Al/F/B/Ga) are well-known and widely used transparent oxides
with n-type conductivity [3,8,153]. The advent of p-ZnO is an important milestone in “Trans-
parent Electronics” [64] due to the fact that p—n homo-junctions can be fabricated by both
types of zinc oxide, which is a key structure in this field. The attempt to synthesize p-ZnO
was first made long back in 1960 by Lander [154] and a decade later by Hiimmer [155]. Later
considerable efforts were made to produce p-ZnO doped with N [156—161] and As [162].
Recently, from a first principles calculation, Yamamoto and Yoshida [163] proposed that
“co-doping” of donor—acceptor dopants (e.g. Ga and N, respectively) in ZnO might lead to
p-type ZnO. Successful fabrication of p-ZnO by this theory has been achieved first by Joseph
et al. [164]. In this method the simultaneous doping of both acceptor (N) and donor (Ga) into
the ZnO lattice were carried out with an acceptor concentration twice that of the donor concen-
tration to get a maximum conductivity in p-ZnO. The optical transmission spectrum of Ga co-
doped p-ZnO thin film is shown in Fig. 20. The essential approach of this method is to stabilize
the N substitution in the appropriate ZnO lattice sites by the formation of N—Ga—N type bonds,
which reduce the N—N repulsive interaction (Madelung Energy) thereby making the acceptor
level shallower, thus enhancing the acceptor doping [163,164]. But later on, several reports
pointed out difficulties and a lack of reproducibility of p-ZnO using the “co-doping” technique
[165—167a]. Although this raised some questions on ‘“‘co-doping” theory, the failure to use
proper growth parameters as well as formation of some non-ZnO species in the ZnO matrix
in these studies may still be the cause of the ambiguous results. Recently, Triboulet and Perriére
[167b] reviewed the advancement in the field ZnO films and briefly described the importance
and recent status of p-ZnO films. This review dealt in detail with the various growth techniques
for both n- and p-type epitaxial ZnO films and their device applications in optoelectronics, spin-
tronics etc. This report and the corresponding references therein provide in-depth knowledge on
the development of p-ZnO thin films. Tremendous scope lies ahead in this area of research for
future applications.

4.6. Non-oxide p-type transparent semiconducting thin films

There are reports on the fabrication of non-oxide p-type transparent conductors like
BaCu,S,, BaCuSF [168—170] etc. Park et al. [168] synthesized a-BaCu,S, thin films, which
crystallize at low temperature in an orthorhombic structure [171]. They obtained a visible trans-
mittance of 70% for a 430 nm thick film with a rather low bandgap of 2.3 eV. The room-
temperature conductivity was reported as 17 Scm™' with a Hall mobility of 3.5 cm?V~'s™'.
Later the same group reported the preparation of undoped and K-doped BaCuSF pellets and
thin films [170]. The transmittance of the undoped film was ~85% in the visible region
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Fig. 20. Visible transmittance of p-ZnO thin film for 5 wt% Ga co-doped. N-doping was carried out using an N,O flow
(after Ref. [164]).

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 poly-
crystalline thin film was obtained as 1.0 S cm™'. Although these materials cannot be classified
as p-TCO, they still have scientific importance in the field of “Transparent Electronics”.

5. Deposition techniques

The actual technique for growth of thin films plays the most significant role in determining
the properties of the films. Different deposition routes yield films with diverse structural, optical
and electrical properties. Even for the same deposition technique, a 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 descriptions of different deposition techniques along with their schematic diagrams
and related parameters are reported in various literatures [5,8,172—175]. In this section we
have discussed the nature of the different growth techniques and corresponding deposition pa-
rameters of p-TCO thin films and tried to give a comparative study of the various techniques.

5.1. Pulsed laser deposition

Pulsed laser deposition (PLD) is a relatively new but very efficient technique to deposit
epitaxial films. It is a somewhat costly process, but can produce high quality phase films with
highly accurate thickness control. Films prepared by this method include CuAlO,
[63,70,78,176], CuGaO, [70,87], CulnO,:Ca [88], CuScO, [177], Cu,SrO, [70,112], ZnO:N
[164] etc. Relative comparison of PLD parameters for different thin films is furnished in Table 3.
The deposition environment for most of the above-mentioned reports involved oxygen. In addi-
tion the films were grown at elevated substrate temperatures. Post-deposition annealing was also
done in most cases to induce excess oxygen for enhancing p-type conductivity as described in
Eq. (1). Temperature variation of conductivities, optical transmission spectra and X-ray diffrac-
tion (XRD) spectra of different pulsed laser deposited films are shown in Figs. 21—25.
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Table 3
Deposition parameters for different p-TCO films grown by the PLD technique
CuAlO, CuGaO, CulnO,:Ca  CuScO, Cu,SrO,:K ZnO:N
Laser KrF KrF KrF KrF KrF ArF
(248 nm) (248 nm) (248 nm) (248 nm)
Laser frequency (Hz) 20 20 20 1 2 1
Laser power (Jecm 2pulse™’) 5 6 35 1.1 25 0.5
Base pressure (Pa) 1x1077 6x107° 1x1077 — 1x107° 1x107¢
0, pressure (Pa) 13 9 1 15 7x107* a
Target CuAlO, CuGaO, CulnO,:Ca  Cu,ySc,05  Cu,Srp97Kgp30>,  ZnO:Ga
pellet pellet pellet pellet pellet pellet
Substrate U.-Aleg U.—A1203 U.—A1203 U.—Alzo_v, SIOZ S102
(001) (001) (001) (1120)
Substrate—target 25 25 25 40 40 -
distance (mm)
Substrate temperature (°C) 690 700 450 900 300 400
Deposition time (min) - - - - 180 -
Post-annealing time (min) 180 None None None 120 —
Post-annealing 690 None None None 300 -
temperature (°C)
Reference 70,78 70,87 88 177 70,112 164

? The deposition atmosphere was N, or N,O.

5.2. Sputtering

Sputtering is one of the most popular thin film growth techniques around the globe. As it
is relatively cost-effective compared with PLD and large-area deposition is possible by this
process, large-scale production of films for diverse applications can be carried out by this

logo

-16

12 14
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Fig. 21. Temperature variation of conductivities of pulsed laser deposited CuAlO, thin films from room temperature
(~30 °C) to —53 °C. Inset shows the same below —53 °C, indicating two different conduction regimes. Above
—53 °C the conduction mechanism is thermal activation type whereas below —53 °C a variable-range hopping mech-
anism becomes dominant (after Ref. [78]).



72 A.N. Banerjee, K.K. Chattopadhyay | Progress in Crystal Growth and Characterization of Materials
50 (2005) 52—105
100

80 [

60 -

40

Transmittance (%)

20

0 1 1 1 1 1 1 1
400 1200 2000 2800

Wavelength (nm)

Fig. 22. Optical transmission spectra of a CuGaO, thin film deposited by the PLD technique (after Ref. [87]).

technique. Both reactive and non-reactive forms of direct current (d.c.), radio frequency (r.f.),
magnetron as well as ion beam sputtering techniques have been used for the deposition of var-
ious p-TCOs.

r.f. magnetron sputtering of CuAlO, [176], CuGag sFey 50, [66], CuCrgosMgposO2 [95],
CUSCOz+y, CUSC0_95Mg0A0502 [94,66], CllNi()A67Sb()A3SH()A()3302 [66,68], AgC002 [66], NiC0204
[117], (LaO)CuS [123], (La;_,Sr,0)CuS [118,119,126], NiO [65], In,03—Ag,0 [137], and
Cu,BaS, [168] have been reported. On the other hand d.c. sputtering of CuAlO, thin film
has been reported [178—181] by us, which is a more cost-effective procedure. Also, in d.c.

b
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0.4
1/4
W
20 25 30 35

1
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Fig. 23. Temperature variation of conductivity of CulnO,:Ca thin film deposited by PLD method, indicating two
different conduction mechanisms. Above —73 °C thermally activated conduction and below —73 °C variable-range
hopping type conduction are taking place (after Ref. [88]).
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Fig. 24. Optical transmission spectra of CuScO, thin film. Inset shows the determination of the direct bandgap (after
Ref. [177]).

sputtering of oxide targets, the control of stoichiometry is almost automatic, whereas for r.f.
sputtering, the target stoichiometry has to be adjusted suitably to compensate material loss
from the substrate [8]. In all of the above-mentioned reports, the targets used were the corre-
sponding sintered pellets, arranged properly in the deposition chamber.

r.f. magnetron reactive co-sputtering of Cu and Al metal targets was used by Ong and Gong
[182] to synthesize transparent p-type Cu—AI—O films (a mixture of CuAlO, and CuO). It is
well known that for low resistive targets, d.c. sputtering can be applied conveniently whereas
r.f. sputtering can also be applied for highly resistive (or insulating) targets. So keeping an
eye on the cost-effectiveness of the deposition techniques, d.c. reactive sputtering of films
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Fig. 25. XRD patterns of (a) Cu,SrO, pellet, (b) K-doped Cu,SrO, thin film, and (c¢) undoped Cu,SrO, thin film
deposited by PLD technique (after Ref. [112]).
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from metal targets has been adopted by various groups. Tsuboi et al. [183] used opposite facing
targets of Cu and Al metals and a rotating substrate to synthesize CuAlQO, films by d.c. reactive
sputtering (a schematic diagram of the apparatus is shown in Fig. 26). In our previous work, we
have prepared CuAlO, thin films by d.c. reactive sputtering of a mixture of Cu and Al metal
powder pellets [184]. Reactive sputtering has the advantage over conventional (r.f. or d.c.) sput-
tering from oxide targets, due to the fact that the plasma density would be better in the former
case due to the high conductivity of elemental targets or metal powders, leading to better uni-
formity of the films. Also the intermediate step of a sintering procedure to form the target pellet
can be avoided by this method. It must be mentioned here that in most of the sputtering pro-
cedures indicated above, the sputtering atmospheres were taken as Ar and O, and the deposi-
tions were done at an elevated substrate temperature. Post-annealing of the films was also
performed in many cases to get better p-type conductivity. In some cases, rapid thermal anneal-
ing (RTA) of the films was also carried out to get higher crystallinity and transparency [94,95].
Different deposition parameters of various sputter-deposited p-TCO thin films are furnished in
Table 4. Also XRD patterns, optical spectra and temperature variation of conductivities and
Seebeck coefficients of various sputter-deposited thin films are shown in Figs. 27—36.

5.3. Chemical vapor deposition

Chemical vapor deposition (CVD) is another widely used growth technique. The importance
of this method lies in the fact that the vapors of liquid materials can be used here in a controlled
manner. Also a wide variety of reactant species ranging from inorganic compounds to organo-
metallic liquids can be used in this process. Although high purity films can be produced by this
technique, the morphology of the films is highly correlated with the nature of the chemical re-
actions and activation mechanisms during the process. The reaction must not occur far away
from the surface of the substrate so that powdery deposits are formed on the substrate leading
to hazy films, which is undesirable for TCOs [8].

Water
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Fig. 26. Schematic representation of d.c. reactive sputtering system with two pairs of opposite facing targets and a
rotating substrate (after Ref. [180]).
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Depositions of p-type transparent Cu—Al—O (a mixture of CuAlO, and Cu,0) films by
plasma-enhanced metal-organic CVD (PE-MOCVD) were performed by Gong and co-
authors [185—187]. They have used metal-organic powder precursors of Cu(dpm), and
Al(dpm), (dpm — dipivaloylmethanate) with a 1:1 molar ratio and evaporated the mixture at
150 °C. The carrier gas was Ar (30 sccm) whereas the reactive gas was O, (30 sccm). The sub-
strate temperature and working pressure were 830 °C and 20 Pa [185], respectively. This group,
in a similar way, deposited Cu—Al—O films by PE-MOCVD technique using Cu(acac), and
Al(acac), precursors (acac — acetylacetonate) on a quartz substrate at a substrate temperature
of 745 °C. The Ar and O, flow rates were 25 and 18 sccm, respectively, whereas the working
pressure was 6.67 Pa [186]. In both cases the base pressures were kept at 4 x 10~* Pa. Various
electrical and optical properties of chemical vapor deposited Cu—AI—O thin films are shown in
Figs. 37 and 38.

Amongst binary oxides, NH3-doped ZnO (basically ZnO:N) with p-type conductivity was
reported by Wang et al. [159]. They have used diethyl zinc (DEZn), O, gas and NHj as
zinc, oxygen and nitrogen sources, respectively, whereas the carrier gases were a mixture of
Ar and N,. They observed that the films deposited with 50 sccm NH; flux during deposition
showed the best p-type nature. The substrate was sapphire (022 4) and the deposition time
was 10 min [159].

5.4. Other physical techniques

5.4.1. Reactive solid-phase epitaxy

Reactive solid-phase epitaxy (R-SPE) technique [188,189] was employed to deposit
(LaO)CuS and (LaO)CuS, _,Se, films on MgO (001) and yittria-stabilized-zirconia (YSZ) sub-
strates [127,128,190]. It is essentially a two-step growth technique. First, a fine layer of metallic
copper (~5nm) was deposited on the substrate by the PLD method under a high vacuum
(~107° Pa) and at an elevated substrate temperature (400 °C). Thereafter layers of (LaO)CuS
and (or) (LaO)CuSe were sequentially deposited on the Cu-deposited substrate (at 25 °C)
from the corresponding sintered pellets by the PLD technique. Finally, the multilayer film
was post-annealed at 1000 °C to get the required epitaxial thin film. The copper layer was sup-
posed to act as an “‘epitaxy initiator” [190].

5.4.2. Molecular beam epitaxy

Transparent p-type conducting nitrogen doped zinc oxide (ZnO:N) films were grown by the
molecular beam epitaxy (MBE) technique on ZnO substrates [160]. Nitrogen doping was carried
out by incorporation of an N, flux into the MBE system along with an O, flow with an N, level 10
to 100 times less than the O, gas level. In a similar way, H,O vapor assisted metalorganic molec-
ular beam epitaxy (MO-MBE) technique was used by Ashrafi et al. [161] to obtain p-type ZnO:N
thin films. Zinc and nitrogen sources were taken as diethyl zinc (DEZn) and monomethyl hydra-
zine (MMHy), respectively, and the substrate used was sapphire, which was kept at a temperature
of 400 °C during deposition and subsequently annealed in an O, ambient at 700 °C for 20 min.

5.4.3. Thermal co-evaporation

Reactive thermal co-evaporation of Cu, Y and Ca metal powders in a reactive O, atmosphere
(0.02 Pa) to form CuY,_,Ca,O, thin films on glass, MgO (100) and Si substrates were reported
by Jayaraj et al. [96]. Deposition was carried out at an elevated substrate temperature
(80—650 °C). RTA of the films was also performed (for 1 min at 400 °C) to get better



Table 4

Different deposition parameters of p-TCO films synthesized by the sputtering method

(A) rf. magnetron sputtering

Material CuAlO, CuGaO,:Fe CuCrO,:Mg CuNiy/3Sb30,:Sn AgCo0, NiCo,04 (LaO)CuS NiO In,05;—Ag,0
r.f. power (W) 65 80 90 80 80 200 110 50 40
Electrode distance 40 30 38 - 30 - 35 - —
(mm)
Base pressure (Pa) - — 93x107* — — 133 x 1074 — — —
Sputtering 4.53 (O, press) 13.33 1.33 13.33 53.33 1.33 13 (ArH,S= 0.8 0.25
pressure (Pa) (Ar:0,=4:1)  (Ar press) (Ar:0, =4:1/9:1) (Ar:0, =4:1) 19:1) (O, press)  (Ar+0y)
Target CuAlO, CuGaysFeg 5 CuCr,_,MgO, CuNi ¢7Sbg 3— AgCo0, pellet  Co—Ni (LaO)CusS: NiO In,0;—Ag,0
pellet O, pellet pellet Sn (030, pellet alloys Sr pellet pellet pellet
Substrate a-Al,O3 Fused silica Fused quartz Si0,, YSZ (100), Si0,, Al,O3 Quartz, SiO, SiO, SiO,
(001) Al,05 (001) sapphire, Si
Substrate Ambient 100 °C 450—750 500 °C 400 °C Ambient Ambient 200 Ambient
temperature (°C)
Post-annealing 90 90 2.5 (RTA 180 - - 120 None 60
time (min) in Ar)
Post-annealing 1050* 800 °C 600—900 900 °C (in air)° — - 800° None 500
temperature (°C) (N, atmos.)
Reference 176 66 95 66,68 66 117 119 65 137
(B) r.f. magnetron reactive sputtering
Material Cu—Al—O films (a mixture of CuAlO, and Cu,0) p-ZnO
r.f. power (W) Al power, 60—110% Cu power, 30 W 20
Targets Metallic Cu and Al Metallic Zn
Substrate Glass Si (100)
Substrate temperature (°C) 100 350
Sputtering atmosphere Ar+5% O, Ar+83% O,
(pressure ~4 Pa)
Post-annealing None At 750 °C, in
vacuum
(~1.33 x 107 Pa),
for 30 min.
Reference 179 199

(C) d.c. sputtering

Material
Electrode distance (mm)

CuAlO; thin film

18
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Target

Substrate

Sputtering voltage (V)

Current density (mA cmfz)
Base pressure (Pa)

Sputtering pressure (Pa)
Sputtering atmosphere

Substrate temperature (°C)
Deposition time (min)
Post-annealing time (min)
Post-annealing temperature (°C)
Post-annealing atmosphere (pressure)
Reference

Sintered CuAlO, pellet
Si (400) and glass
1100

10

107

20

Ar + 40 vol% O,
180

240

60

200

0, (20 Pa)

178

(D) Reactive d.c. sputtering

Material
Target

Electrode distance (mm)
Sputtering voltage (V)

Current density (mA cm’z)

Base pressure (Pa)

Sputtering pressure (Pa)
Sputtering atmosphere

Substrate

Substrate temperature (°C)
Deposition time (min)
Post-annealing time (min)
Post-annealing temperature (°C)
Post-annealing atmosphere
Reference

CuAlO, thin film
Elemental Cu and Al
metal (facing) targets
Cu facing targets =750 V,
Al facing targets =350 V
Cu facing targets ~1.17,
Al facing targets ~7.0
0.53
Ar+ 0, (4:1)
Quartz (rotating)

300

240

240
>700
N, (ambient pressure)
180

CuAlO, thin film
Mixture of Cu + Al
metal powder pellets
18

1000

12

104

20

Ar+ 0, (3:2)

Si (400) and glass
200

240

120

220

0, (20 Pa)

181

a
b

c

Ex situ in a Lindberg box furnace containing small amount of CuAlO, powder.
Ex situ in an evacuated silica tube containing small amount of (LaO)CuS powder.
Also for some cases RTA in air at 900 °C was performed.

For Al power 110 W single-phase amorphous CuAlO, was formed.
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Fig. 27. XRD pattern of CuCrg9sMgg 050, thin film deposited by the r.f. sputtering technique (after Ref. [95]). “*”
marks are from the indium contacts.

crystallinity and conductivity of the films. The film showed an average of 50% transparency
(shown in Fig. 39) in the visible region. Synthesis of phase-pure CuGaO, thin film on fused
silica by the thermal co-evaporation technique from elemental Cu and Ga in an O, atmosphere
was also reported by this group [66]. Similarly, non-oxide p-type conducting transparent films
of BaCuSF were also deposited by the co-evaporation technique from metals Cu and BaF, on
Si0, and MgO substrates held at 200 °C and subsequently post-annealed at 350 °C for 3 h un-
der an H,S atmosphere [111]. The deposition parameters of different co-evaporation methods
used for growth of various p-TCO thin films are described in Table 5.

5.4.4. Electron-beam evaporation

Electron-beam (e-beam) evaporation of SrCu,0, pellets was performed to deposit p-type
transparent Sr—Cu mixed oxide thin films on glass and quartz substrates in an oxygen atmo-
sphere (0.067 Pa) [191]. The substrate temperature was varied from 250 °C to 350 °C whereas
post-annealing was performed in both O, and N, atmospheres as well as in vacuum at an ele-
vated substrate temperature of 350 °C. Optical transmittance and reflectance spectra of
Sr—Cu mixed oxide thin films deposited at a substrate temperature of 250 °C and 0.05 Pa
O, pressure are shown in Fig. 40. The films showed around 60% transparency in the visible

region.
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Fig. 28. XRD pattern of (a) AgCoO, thin film deposited by r.f. sputtering, and (b) target (after Ref. [66]).
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Fig. 29. XRD pattern of d.c. sputtered deposited CuAlO, thin film (after Ref. [178]).

5.4.5. Other methods

Ion exchange method is another interesting procedure by which several delafossite materials
have been synthesized such as CuAlO, from LiAlO, [192], CulnO, from CuCl, Ag,CoO,
(x < 1) from NaCoO, and AgNO; [66], AgNig¢7Sby 330, from LiNi ¢7Sbg 330, and AgNO5
[68], AgZng 7Sbg 330, from LiZng 67Sbg 330, and AgNO; [68] etc. Although no film prepara-
tion was reported by this method this process may become an important target preparation
procedure for PLD or sputtering.

Also, based on ab initio electronic structure calculations, new methods have been proposed by
Yoshida and co-authors [193,194] to fabricate highly conducting p-CuAlO,. They proposed that
in thermal non-equilibrium PLD or molecular beam epitaxy (MBE) crystal growth techniques,
the introduction of a high concentration of Cu vacancies occurs in the material, to form an im-
purity band. Reducing the Cu vapor pressure during deposition might enhance the p-type conduc-
tivity 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.

100

Transmittance (%)

400 800 1200
Wavelength (nm)

Fig. 30. Optical transmittance and reflectance spectra of CuAlQO, thin film deposited by d.c. sputtering. Inset shows the
spectral variation of absorption coefficients («) (after Ref. [178]).
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Fig. 31. Temperature variation of conductivity of CuAlO, thin film deposited by d.c. sputtering (after Ref. [178]).

5.5. Wet-chemical synthesis

Wet-chemical solution-growth technique is another popular method for its simplicity and
cost-effectiveness. Various authors have tried to grow p-TCO films by this process. The first
report of porous copper—aluminum—oxide was published more than a decade ago by Patrick
and Gavalas [195], where the citrate process [196] was adopted. But as porous material is
not favorable for high conductivity applications, sol—gel and nitrate routes were adopted later
by Tonooka et al. [197] to deposit Cu—Al—O films (a mixture of CuAlO,, CuAl,0,4 and CuO)
for possible high performance applications in p-TCO technology. Three precursor solutions
were prepared (two for the sol—gel-dip-coating process and one for the nitrate process) and
the films were deposited on Si substrates. Films produced by the nitrate route showed a higher
percentage of CuAlO, phase in the film than the sol—gel routes. On the other hand Shahriari
et al. [109] synthesized CuAlO, and Ga doped CuAlO, solid solutions by a hydrothermal

120
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Fig. 32. Bulk resistance of Cu—Al—O thin films with different Cu/Al atomic ratios (after Ref. [179]).
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Fig. 33. XRD patterns of CuAlO, thin films deposited by r.f. magnetron sputtering (a) as-deposited film, (b) post-an-
nealed at 1050 °C (after Ref. [176]).

process. Although thin film preparation was not reported by this method it is an important step
towards the thin film growth of p-TCOs by the chemical route. Similarly, Tate et al. [66] pre-
pared Ag-based delafossite p-type conducting AgCoO, powder by a four-day hydrothermal re-
action in a Parr bomb at 250 °C, which was used as a sputtering target to synthesize the
corresponding film. Recently we have synthesized highly oriented CuAlO, thin films from cop-
per and aluminum chloride solution by a wet-chemical dip-coating route [198]. The films
showed high transparency but a low p-type conductivity. The optical transmission spectra of
these films are shown in Fig. 41 whereas the direct bandgap calculations are shown in Fig. 42.

The solution-growth technique adopted for other p-TCOs includes transparent Co—Ni—O
spinel films [115]. Spin-coating from a precursor solution of nickel and cobalt nitrates were
used to deposit Ni—Co—O (a mixture of NiCo,0y4, NiO and Co30,) thin films.

Flow-charts for different solution-growth techniques are shown in Fig. 43. Also the electrical
and optical properties of various p-TCO thin films deposited by different processes are com-
pared in Tables 6—8.

Transmittance (%)

01 a a a
400 600 800

Wavelength (nm)

Fig. 34. Optical transmission spectra of Cu—AIl—O films post-annealed at 1050 °C. Cu/Al ratio of the films are (a) 1.8,
(b) 1.7, (c) 1.1 and (d) 0.7 (after Ref. [180]).
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Fig. 35. XRD pattern of CuAlO, thin film deposited by reactive d.c. sputtering (after Ref. [181]).

6. All-TCO junctions

Junction devices fabricated by both n and p-type TCO thin films are the key structure for “In-
visible Electronics’ [64]. The simplest of them is the p—n junction diode with rectifying prop-
erties. The importance of these types of devices lies in the fact that ““functional windows’’ can be
fabricated by these devices, which allow the transmission of visible solar radiation but absorb the
UV [63]. Thus simultaneously these devices can act as “UV-shields™ as well as “electricity gen-
erators” by the UV absorption. Fabrications of a number of all-TCO diodes have been reported,
which include both p—n and p—i—n homo-junctions and hetero-junctions.

The first all-TCO diodes were reported by Sato et al. [65]. They fabricated a semi-transpar-
ent thin film of p—i—n structure consisting of p-NiO/i-NiO/i-ZnO/n-ZnO:Al. The thicknesses of
the p-layer and n-layer were 195 and 400 nm, respectively. The rectifying properties of the
structure confirmed the formation of the junction. They also tried to fabricate p—n diodes of
the form p-NiO/n-ZnO:Al. But they observed linear /—V characteristics in both forward and
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Fig. 36. Temperature variation of conductivity of reactive d.c. sputtered CuAlO, thin film. Inset shows the temperature
dependence of the Seebeck coefficients (S) of the same (after Ref. [181]).
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Fig. 37. Optical transmittance spectra of Cu—Al—O thin films deposited by CVD technique (after Ref. [183]).

reverse directions. Similarly, fabrication of all-TCO p—n hetero-junction thin film diode of the
form p-SrCu,0,/n-ZnO was reported by Kudo et al. [199]. A schematic diagram of the diode
structure is shown in Fig. 44(a) and the corresponding /—V characteristics in Fig. 44(b). The
same group also reported UV emission from a p—n hetero-junction diode composed of p-
SrCu,0,/n-Zn0O after current injection through it [200—203]. p—i—n hetero-junction in the
form of p-SrCu,0,:K/i-ZnO/n-ZnO was also constructed by this group [202]. Similarly a p—
i—n hetero-junction of the form p-CuYO,:Ca/i-ZnO/n-ITO was fabricated by Hoffman et al.
[204]. The diode structure and /—V characteristics are shown in Fig. 45(a) and (b). Lattice
matching is one of the most important requirements for realizing rectifying junctions. In
most of the reports on the p—n hetero-junctions published so far, n-ZnO and p-SrCu,0,
were used as the n and p-layers, respectively, because of lattice matching between them.

Also the low deposition temperature (~350 °C) of SrCu,O, made it possible to minimize
the chemical reaction at the SrCu,0,—ZnO interface.
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Fig. 38. Temperature variation of electrical conduction of Cu—AI—O thin film deposited by the CVD method (after
Ref. [183]).
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Fig. 39. Optical transmittance spectra of undoped and Ca-doped CuYO, thin films deposited by the thermal co-
evaporation technique (after Ref. [96]).

Lastly, carrier concentration in ZnO can be controlled easily by varying the O, partial pres-
sure during deposition in order to match the hole concentration in SrCu,0, [199,201,202].
Jayaraj et al. [96,205] fabricated p—n hetero-junction using p-CuY;_,Ca,O, (x=0.01—
0.02)/n-Zn;_,ALLO (x=0.02) structure. They observed rectifying /—V characteristics with
a turn-on voltage between 0.4 and 0.8 V (shown in Fig. 46). Tonooka et al. [206] 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 with blue radiation. Although the
performance of the diode was restricted by the low crystallinity of the CuAlO, layer the for-
ward-to-reverse current ratio showed a moderate value of 90 between —1.5 and +1.5 V. Also
the transparency of the structure was 40% to 70% in the visible region. The transparency of
the diode is shown in Fig. 47.

Besides hetero-junctions, fabrication of p—n homo-junctions was also reported by a few
authors. The 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 et al. [89]. The diode structure was of the form of YSZ (111)/ITO/p-
CulnO,:Ca/n-CulnO,:Sn/ITO (shown in Fig. 48(a)). Calcium and tin-doped copper indium

Table 5

Deposition parameters for various co-evaporation techniques

Material CuYO,:Ca* CuGaO, BaCuSF
Reactants Elemental Cu, Y, Ca metals Cu, Ga metals Cu metal, BaF,
Base pressure (Pa) 933 x107° 933 x107° —
Reactant gas O, O, H,S
Deposition pressure (Pa) 0.02 0.02 -
Substrate Glass, MgO (100), Si SiO, SiO,, MgO
Substrate temperature (°C) 80—650 100 200
Post-annealing time (min) 3 (RTA) 90 180
Post-annealing temperature (°C) 600 800 350
Post-annealing atmosphere 0, N, H,S
Reference 96 66 111

? 1—2% Ca doping in Y sites.
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Fig. 40. Optical transmittance and reflectance spectra of copper—strontium mixed oxide thin films deposited by e-beam
evaporation. Inset shows the calculation of direct bandgap (after Ref. [188]).

oxide films were used as the p and n-layers whereas ITO was used for the metallic electrodes.
They observed rectifying properties of the junction with a turn-on voltage of ~ 1.8 V, which is
shown in Fig. 48(b). Similarly all-ZnO p—n homo-junctions were reported by Hwang et al.
[207], Tiizemen et al. [208] and Aoki et al. [209]. Hwang et al. [207] fabricated
n-ZnO:Al/p-ZnO:As and observed rectifying characteristics with a turn-on voltage around
2.5 V (shown in Fig. 49). Tiizemen et al. [208] reported intrinsic p and n-type ZnO homo-junc-
tions, 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. A total of 4 Pa
atmosphere pressure of Ar with 50% O, produced n-ZnO whereas Ar with 83% O, again at
a total 4 Pa pressure produced p-ZnO. The diode characteristics are shown in Fig. 50. It is
worthwhile to note that the first report of p-type conductivity in intrinsic ZnO was reported
by Butkhuzi et al. [210], where post-annealing of the as-grown material in an atomic oxygen
atmosphere was performed to achieve intrinsic p-type conductivity. Aoki et al. [209] fabricated
p-ZnO:P/n-ZnO homo-junction and observed rectifying [—V characteristics. Phosphorous
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Fig. 41. Optical transmission spectra of a dip-coated copper aluminum oxide thin film.
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Fig. 42. Determination of the direct bandgap (after Ref. [195]).

doping was performed using an excimer-laser doping procedure with Zn;P, as the phosphorous
source. If the carrier concentration could 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’. Various parameters of different all-transparent diodes are shown in Table 9.

Another important area in the field of ‘“Transparent Electronics™ is the fabrication of
transparent field-effect transistors (TFET) [211]. Prins et al. [212,213] reported the fabrica-
tion of ferroelectric TFETS, based on transparent SnO,:Sb thin films. They have observed
a field-effect mobility of around 10 cm? V! s~! with an on/off current ratio of ~ 10*. Later
various groups [214—216] reported the fabrication of ZnO based TFETs with reasonable de-
vice properties. Hoffman et al. [214] reported 75% visible transparency in their ZnO-TFETs
with mobility and on/off ratio around 2.5cm?V~'s™! and 10, respectively. Masuda et al.
[215] observed these values around 1.0 cm?V~'s™' and 10°, respectively, with an optical
transmittance of more than 80% in the visible region. Similarly Carcia et al. [216] obtained
these values around 2.0 cm?> V™! s_l, 10° and >80%, respectively, for their ZnO-TFETs. Re-
cently, Nomura, Ohta and co-authors [217,218] 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 an on/off current ratio of
~10° and more than 80% transparency in the visible and near infrared region. The deposition
techniques for the fabrication of these TFETs include pulsed laser deposition (PLD)
[212,213,215], ion beam sputtering [214], r.f. magnetron sputtering [216], reactive solid-
phase epitaxy [217] etc. The deposition routes and various parameters of different TFETSs
are shown in Table 10. These reports provide a significant step towards the achievement
of “Invisible Electronics”.

7. Nanocrystalline p-TCO thin films for nanoactive devices

After the pioneering works of Efros and Efros [219] and Brus [220] on the size-quantization
effect in semiconductor nanoparticles, the research on nanostructured materials generates a great
interest in the scientific community and offers tremendous opportunities in the field of physics,
chemistry, materials science and related interdisciplinary areas because of new properties
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(A) Sol-Gel & Nitrate Process for Cu-Al-O Thin Films . (B) Spin-Coating Process for Ni-Co-O Thin Films from
(After Ref. [194]) Nitrate and Organic Precursors
(After Ref. [115])
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Fig. 43. Flow-charts of different solution-growth techniques for p-TCO thin films and powders. (A) Sol—gel and nitrate
process for Cu—Al—O thin films (after Ref. [194]). (B) Spin-coating process for Ni—Co—O thin films from nitrate and
organic precursors (after Ref. [115]). (C) Wet-chemical dip-coating process for CuAlO, thin films (after Ref. [198]). (D)
Hydrothermal process for CuAlO, and CuAlO,:Ga solid solutions (after Ref. [109]).



Table 6
Optical and electrical properties of CuAlO, thin films synthesized by various growth techniques
Growth technique Thickness Average Room-temperature  E, (meV) Carrier Room-temperature ~ Reference Remarks
(nm) visible conductivity concentration  Seebeck coefficient
transmittance  (Scm ') (cm™?) WV K™
(%)
PLD 500 70 0.095 ~200 1.3 x 10" +183 63 -
PLD 230 80 0.34 220 2.7 x 10" +214 78 Films were post-annealed in O,
atmosphere (1.3 Pa)
r.f. sputtering 180 85 - - - - 176 Preliminary Hall and TEP
measurements
confirmed p-type conductivity
d.c. sputtering 500—700 80 0.08 260 3.7 x 10" +128 178,196 Films were post-annealed in O,
atmosphere
(20 Pa) for 60 min
d.c. sputtering 500 85 0.39 196 1.2 x 10" +213 197 Films were post-annealed in O,
atmosphere
(20 Pa) for 90 min
r.f. magnetron 250 20—80 - - - - 179 Small amount of CuO was
reactive present in the film
co-sputtering
Reactive d.c. 400—800  50—60 0.01-0.1 - - - 180 With facing metal targets and
sputtering rotating
substrate. Films were annealed at
1050 °C in
N, atmosphere
Reactive d.c. 500 85 0.22 250 4.4 % 10" +115 181 Target was Cu + Al metal powder
sputtering pellets
MOCVD 250 40 2 120 2.6 x 10" - 183 The films were a mixture of
CuAlO,, Cu,0 and CuAl,O4
PE-MOCVD 120 40 17.08 32 117 x10*°  — 182 For those samples annealed in
air for 5 min (at 350 °C)
Dip-coating 1000 - 5x107° - - - 194 Results given for films deposited via
nitrate route
Dip-coating 3500 90 - - - - 198 Films were annealed in air (at

500 °C) for 180 min
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Table 7
Optical and electrical properties of different delafossite p-TCO thin films synthesized by various growth techniques
Material Method Thickness Average Room-temperature E, (meV) Carrier Room-temperature Reference Remarks
(nm) visible conductivity concentration Seebeck coefficient
transmittance (Scm ') (cm™) VK™
(%)
CuGaO,  PLD 500 80 0.063 - L7x10" 4560 87 -
CuGaO, Thermal 500 70—85 0.02 100 - +360 66 Films were post-annealed in N,
co-evaporation atmosphere at 800 °C for 90 min
CuGaO,:Fe r.f. sputtering 150 50—70 1.0 100 - +500 66 Films were post-annealed in N,
atmosphere at 800 °C for 90
min and 50% Ga replaced by Fe
CulnO,:Ca  PLD 170 70 0.003 190 - +480 88 7% Ca doped in place of In
CuScO, PLD — 75—85 1.16 x 107* — - 177 Small amounts of Sc,03, Cu,0,
Cu and CuO were present in
the film
CuScO, r.f. sputtering 110 40 30.0 110 - - 94 Actual formula was given as
CuScO, 4,
CuScO,:Mg r.f. sputtering 250 15 20.0 95 - - 66 5% Mg doping for Sc and the
70 0.08 — — — 66 variation in ogt and T was due
to change in post-deposition O,
annealing press (133—107 Pa)
CuCrO, r.f. sputtering  200—300 30 1.0 - - - 66,95 -
CuCrO,:Mg r.f. sputtering  200—300 30—40 220 20" - +150 66,95 5% Cr replaced by Mg
CuYO, Co-evaporation 200 60 <0.02 - - - 66,96 —
CuYO,:Ca Co-evaporation 240 50 1.0 130 — +275 66,96 1—2% Ca in Y site
CuNig 67 r.f. sputtering  150—200 60 0.05 170 - +250 66,68 10% Sb replaced by Sn
Sby30,:Sn
AgCo0, r.f. sputtering 150 40—60 0.2 70 - +220 66 Ag:Co=1.1:1.0

* For low value of E,, the word ‘activation’ should be used with caution.
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Table 8

Optical and electrical properties of non-delafossite p-TCO thin films synthesized by various growth techniques

Material Method Thickness Average Room-temperature E, (meV) Carrier Room- Reference  Remarks

(nm) visible conductivity concentration temperature
transmittance (Scm ') (em™3) Seebeck
(%) coefficient
(WK™

SrCu,0, PLD 150 70 3.9% 1073 200 - +260 112 -

SrCu,0,:K PLD 120 80 483 x 1072 100 6.1x 107 4260 70,112 3 at% Sr is replaced by K

SrCu,0, e-beam - 60 0.03 - 7.19x 10" — 188 The film is a mixture of

evaporation SrCu,0,, CuO and Cu,O

NiCo,0,4 r.f. sputtering 100 80 330 7 77? 7 117 Co/(Co + Ni) =0.67

NiCo,0, Spin-coating 100 60 16.67 - <10' - 115 Co/(Co + Ni) = 0.67

(LaO)CuS r.f. sputtering 150 65 6.4x107° 240 2x 10 +713 119,126 -

(LaO)Cu$S R-SPE 150 - 0.66 - 1x 10" 4250 128,187  Large variation in the ogr
was observed due to the
change in the annealing
atmosphere

(La,_,Sr,0) r.f. sputtering 150 60 20.0 - 2.7 % 10%° +44 119,126 x=0.03, and degenerate

CuS conductivity was
observed

(LaO)CuS,_, R-SPE 150 - 20.0 - 2% 10" +200 128 x=04

Se,

(LaO)CuSe R-SPE 150 - 24.0 - 2x 10" +250 128 -

(LaO)CuSe:Mg R-SPE 150 - 140.0 - 2.2 % 10% - 128 20% La replaced by Mg
and it showed degenerate
p-type conductivity

In,05;—Ag,0 r.f. magnetron 300 20 114 — 42 % 10" — 137 50 wt% Ag,0 content in

sputtering the film
NiO r.f. magnetron 120 40 7.14 - 1.3 x 10" - 65 -
sputtering

ZnO Reactive r.f. 5000 — 0.033 - 5x 10" — 199 Sputtering gases were
magnetron Ar+83% O,
sputtering

ZnO:N PLD with Ga - 90 0.5 - 4% 10" - 164 wt% of Ga,0j in ZnO

and N co-doping

target was 0.1 and
Ga:N dopant ratio was 1:2
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ZnO:N

ZnO:N

ZnO:N

ZnO:As

MBE 1900

H,O0 vapor assisted 1000
MO-MBE
MOCVD 600

r.f. magnetron
sputtering

1500—2000

0.025 240

0.01 -

~1000 -

9 % 10'°

23 x 101
1.7 x 10"

~1.0 x 10"

160

161

159

198

Activation energy was
estimated
from PL results

NH; flux during
deposition was 50 sccm
Doping of As occurred
from the diffusion of the
GaAs (001) substrate.
This was done by
annealing the films

at 600 °C for 1 h

 This value is the net acceptor concentration obtained from C-V measurements.
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Fig. 44. (a) Structure of a transparent hetero-junction diode of the form: glass/ITO/p-SrCu,0,/n-ZnO/n*-ZnO. ITO and
n*-ZnO are used as ohmic contacts (after Ref. [200]). (b) Rectifying /—V characteristics of p—n hetero-junction as
shown in Fig. 44(a) (after Ref. [200]).

exhibited by them and challenging problems thrown up for providing theoretical concepts in the
physics associated with it [221—223]. 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 [224], nanobelts [225] and nanowires [226] have been
reported widely. These achievements in the last few years have focused nanoparticle research on
their applications in electrical and optoelectronics devices [227,228].

Now, the synthesis and characterization of nanostructured n-TCOs are a very important and
well-established field in nanotechnology and is 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 nano-
particle research keeping an eye on its tremendous applications in optoelectronics technology.

As far as synthesis of nanocrystalline p-TCO thin film is concerned, Gong et al. [186] pre-
pared an impure phase of copper aluminum oxide films by the chemical vapor deposition
(CVD) method, which contained nanocrystalline phases of CuAlO, and Cu,O. The particle
size obtained by them was less than 10 nm. Also they have observed a blue-shift of the optical
bandgap of the nanocrystalline films with respect to the bulk value. The same group also
prepared nanostructured Cu—Al—O thin films (a mixture of CuAlO, and CuO) by reactive
co-sputtering technique [182], with an average particle size around 40—60 nm and observed
a similar blue-shift of the bandgap with a variation in the Cu:Al atomic ratio in their sample.
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Fig. 45. (a) p—i—n structure composed of glass/n*-ITO/i-ZnO/p*-CuYO,:Ca. Indium was used for ohmic contacts (af-

ter Ref. [205]). (b) Corresponding /—V curve of the above structure where ZnO layer is either undoped or Al-doped
(after Ref. [205]).

It is well known that the quantum confinement effect put forward by Brus [220], is respon-
sible for the bandgap widening of semiconductor nanocrystals, where the size dependency of
the bandgap (Egnano)) is given by the following formula:

h? 1.8¢?
AE=E nano —E uk] =, 5 3
sinns) — g = g T T e 3)
3.0 4
3 20
g
E 1.0
=
C
0.0 —

-3.0 2.0 -1.0 0.0 1.0 2.0 3.0
Voltage (V)

Fig. 46. -V curve of p-CuYO,:Ca/n-ZnO:Al transparent diode (after Ref. [96]).
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Fig. 47. Optical transparency of n-ZnO/p-Cu—Al—O diode. Inset: corresponding diode structure (after Ref. [207]).

where AE is the shift of the bandgap with respect to the bulk bandgap Egpuj, 7 is the radius of
the nanoparticles, u* is the reduced mass of electron—hole effective masses and ¢ is the semi-
conductor dielectric constant. The first term of the RHS expression in the equation represents
the particle-in-a box quantum localization energy and has a (1/r%) dependence for both electron

(a) mo 400 nm
400 nm

1-CulnO,:Sn 400 nm

p-Culn0,:Ca 600 nm

110

YSZ (111) substrate

(b)

~ 2 b
-«
2
B
E 14
=
9]

4 &

”~ 0 2 4

Voltage (V)

Fig. 48. (a) All-delafossite p—n homo-junction diode of the form YSZ/ITO/p-CulnO,:Ca/n-CulnO,:Sn/ITO (after
Ref. [89]). (b) I—V characteristics of all-delafossite diode consists of p-CulnO,:Ca/n-CulnO,:Sn layers as shown in
(a) (after Ref. [89]).
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Fig. 49. I-V characteristics of p-ZnO:As/n-ZnO:Al homo-junction. Inset: corresponding diode structure (after
Ref. [198]).

and hole. The second term represents the Coulomb energy with a (1/r) dependence. In the limit
of large r, the value of Egnano; approaches that of Egpyy. But the observed blue-shift of the
bandgap of nanocrystalline Cu—Al—O films prepared by Gong and co-authors [182,186], as
mentioned above, may not be explained satisfactorily by Brus’s theory of quantum confinement
as the theory was developed for single-phase material. We have recently reported the synthesis
of phase-pure CuAlO, nanoparticles by the d.c. sputtering technique [229] from sintered
CuAlO, target. From the optical data we have observed a blue-shift or broadening of the
bandgap of the material with decrease in the particle size, which may be attributed to the quan-
tum confinement effect. The variation of the particle size was done by varying the deposition
time, which ranges from 3 min to 150 min. The average particle size varies from 10 to 90 nm
with increase in the deposition time, whereas the optical bandgap varies from 3.94 to 3.34 eV,
respectively, in the above range.

Fig. 51(a) and (b) shows the XRD patterns of CuAlO, target and nanostructured films
deposited for different deposition times, respectively. Fig. 52(a) and (b) shows the optical

(@) (b)

2.0 4
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ﬂ

2 4 -6
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Fig. 50. I-V characteristics of all-ZnO p—n homo-junctions (a) without annealing, and (b) after annealing (after
Ref. [199]).



Table 9
Parameters of different all-transparent diodes
Diode structure p-NiO/i-NiO/ n-ZnO/ n-ZnO/ n-ZnO:Al/ n-ZnO/ n-CulnO,:Sn/ n-ZnO:Al/ n-ZnO/
i-ZnO/n-ZnO:Al p-SrCu,0, p-SrCu,0,:K p-CuYO,:Ca p-CuAlO, p-CulnO,:Ca p-ZnO:As p-ZnO
Thickness (nm) p-layer 195 300 200 300 400 400 1500—2000 5000
i-layer 216 - — — - - — -
n-layer 400 300—1000 200 250 400 400 600 5000
Carrier concentration (cm™>) p-layer 10" 10" ~10'® - - - - ~5x% 10"
n-layer 7 x 10%° 5x10'® ~10'® - - - - ~6x 10"
Substrate Glass Glass YSZ (111) Glass Glass YSZ (111) GaAs (001) Si (100)
Deposition  technique  p-layer  r.f. Reactive PLD Reactive PLD PLD r.f. magnetron  r.f. magnetron
magnetron co-evaporation co-evaporation sputtering reactive
sputtering in O, atmosphere in O, atmosphere sputtering
i-layer  rf. — - — - — - -
magnetron
sputtering
with post-
annealing
in air (at
300 °C)
n-layer — Magnetron PLD r.f. PLD PLD r.f. magnetron  r.f. magnetron
sputtering magnetron sputtering reactive
sputtering sputtering
Electrodes p-side Al ITO Ni In ITO ITO In Au/Al
n-side Al n*-ZnO ITO ITO n*-ZnO ITO In Au/Al
Turn-on voltage ~1.5 ~0.5 ~1.0 0.4—0.8 0.4-1.0 1.8 ~2.5 ~1.0
V)
Diode factor - 1.62 - — - - - -
Reference 65 200 201 96 206 89 198 199
Remarks The diode The diode UV emission  The diode n-ZnO layer The diode p-layer was p-type and
showed only  showed 70% was observed  showed 40% grown at a showed 60%  obtained by n-type
20% to 80% when current  transparency temperature to 80% vacuum- layers were
transparency  transparency was injected in the visible of more than transparency  annealing the obtained for
in the visible  in the visible through the region 250 °C in the visible  as-deposited Ar+83% O,
region region junction showed good region film at 600 °C  and Ar + 50%
rectifying O, sputtering
characteristics atmosphere,

respectively
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Table 10
Different growth techniques and parameters of TFETSs
Active channel Gate insulator Gate electrode Substrate used Mobility On/off ratio Visible Reference
(crn2 vt sfl) transparency (%)
SnO,:Sb (thickness PbZry,Tip 303 SrRuO; SrTiO5 (100) 10.0 ~10* Transparent, 212% 213
~ 110 nm) (deposition (thickness (thickness as seen in the
technique: PLD) ~ 160 nm) ~ 140 nm) figure provided,
(deposition (deposition but no numerical
technique: PLD) technique: data given
PLD)
ZnO (thickness Al,O3 + TiO,’ ITO (thickness Glass 2.5 ~107 75 214
~ 100 nm) (deposition (thickness ~200 nm)
technique: PLD) ~220 nm) (deposition
(deposition technique:
technique: ALD) sputtering)
ZnO (thickness SiO; + SiN,° ITO (thickness Glass 1 10° 80 215
~ 140 nm) (deposition (thickness ~ 100 nm)
technique: PLD) ~250 and 50 nm, (deposition
respectively) technique:
(deposition e-beam
technique: evaporation)
PECVD)
InGaO5(Zn0)s* a-HfO, ITO (thickness YSZ (111) 80 ~10° 80 217°
(thickness (thickness ~30 nm)
~120 nm) ~ 80 nm) (deposition
(deposition (deposition technique:
technique: PLD) technique: PLD) PLD)

? Due to the presence of ferroelectric insulator PbZr,Tig gO3, the device showed intrinsic memory function.
" ALO; + TiO, is alternative layers of Al,O3 and TiO,.
¢ This TFET has a double layer Gate insulator.
d Single-crystalline InGaO3(ZnO)s is used as active channel layer.

The device has top-gate structure.
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Fig. 51. (a) XRD pattern of CuAlO, powder (after Ref. [221]). (b) XRD pattern of nanocrystalline CuAlO, thin film
deposited for (#1) 15 min and (#2) 45 min (after Ref. [221]).

transmission spectra and direct bandgap values of nanocrystalline CuAlO, thin films with dif-
ferent deposition times.

8. Conclusions

(1) A comprehensive and up-to-date picture of recent developments in the field of transparent
p-type semiconducting oxide thin film technology has been reported. The use of non-
stoichiometry and various dopings for p-TCO thin films by different methods has been
reported. With better understanding of the defect chemistry and the role of dopants to
increase the hole conductivity of these materials, newer and higher quality p-TCO thin
films can be developed for better device applications.
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Fig. 52. (a) Optical transmission spectra of nanocrystalline CuAlO, thin films with different deposition times (after
Ref. [221]). (b) Determination of bandgap of nanocrystalline CuAlO, films (after Ref. [221]).

(2) Although various models such as “CMVB”’, “co-doping” etc. have been proposed to ob-
tain new types of p-TCO thin films and a large number of deposition techniques have been
adopted with widely varying growth parameters to fabricate new p-TCO thin films with
better electrical and optical properties the maximum conductivity obtained for p-TCO
thin films are still one or two orders of magnitude less than the corresponding best
n-TCO thin films. Increasing the conductivity of p-TCO thin films without sacrificing their
visible transmittance is the most significant challenge for p-TCO technology in order to
obtain high performance active devices suitable for “Invisible Electronics”.

(3) Development of delafossite thin films with both types of conductivity is another most
interesting field of research to obtain high quality junction devices. With the newer
methods of material syntheses, developing rapidly in thin film technology, fabrication of
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all-delafossite transparent diodes may not remain a hard task. Similarly, the renaissance of
ZnO thin films has already begun with the development of p-type ZnO thin films. The se-
lection of the proper growth parameters and hence reproducibility of these films may rev-
olutionize p-TCO technology in the near future. The achievement of high mobility TFETs
is another important step towards the goal of “Transparent Electronics”.

(4) In the fast growing field of nanotechnology, nanostructured p-TCO thin films may open up
an extremely important and interesting field of research for the fabrication of all-transparent
nanoactive devices. This will give an added impetus in the field of “Transparent Electron-
ics” and new avenues may open up in the nanoparticle research which could offer tremen-
dous applications in optoelectronics technology.
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