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ABSTRACT: Transparent conducting oxide (TCO) is a promising
material system for transparent electrodes, which is one of the most
essential elements in current electronic and energy devices. In
particular, In-based TCOs such as Sn:In2O3 (ITO) and In−Ga−
Zn−O (IGZO) have shown large optical band gap and high
electrical conductivity, sufficient for the applications. However, In is
an expensive element, which hampers its facile industrial application.
Moreover, In-based TCOs show an abrupt decrease in conductivity
when their thickness decreases below ∼100 nm, possibly due to
inhomogeneity within the thin films. Here, we introduce an
amorphous Ca−Al−O (CAO) thin film as a promising candidate
for the In-free TCOs. The amorphous CAO thin film has very low
resistivity (∼10−5 Ω cm) at room temperature, as well as high transparency in the visible region of the light spectrum (>80%).
The isotropic Ca s-orbital in the conduction band is found to be responsible for the superior performance of CAO as a TCO.
Owing to the exceptional structural homogeneity of the CAO thin film, thickness-independent transport characteristics are
observed, maintaining its TCO performance down to 10 nm of thickness.

■ INTRODUCTION

A highly efficient transparent conductor is one of the most
essential components in the state-of-the-art optoelectronic and
energy applications.1−3 Working transparent conducting
electrodes require the combination of incompatible physical
properties, i.e., high transmittance (>80%) in the photon
energy range from 1.75 to 3.25 eV, considerably large optical
band gap (>3 eV), and low electrical resistivity (<10−3 Ω cm)
with high carrier concentration (>1020 cm−3).1,4,5 In addition
to metallic or carbon-based nanostructured films and nano-
wires which have been extensively studied,6−9 some oxide
materials, known as transparent conducting oxides (TCOs),
show high electrical conductivity while maintaining their
transparency.1,10,11 The concept of heavy doping of light
carriers into a wide bandgap material has been largely adopted,
represented by Sn-doped In2O3 (ITO).

12 Owing to the ionized
impurity scattering, ITO and other In-based TCOs exhibit
high mobility compared to the noble metals.1,13 Hosono’s
group further proposed the amorphous In−Ga−Zn−O, which
shows many advantages including flexibility and facility in
fabrication, for the display industry.14−17

On the other hand, substantial research efforts have been
made in the search for In-free TCO materials. First, the next
generation of TCOs should be composed of earth-abundant
elements. Post-transition metal elements such as In, Sn, and
Zn18 are extensively employed in TCOs. They possess s-
orbitals with the configuration of (n − 1)d10ns0, which is highly
beneficial for isotropic electrical conduction.14,15 However,
these elements, especially In, are rather scarce and expensive.
Second, In-based films show a dramatic reduction of carrier
concentration and mobility as their thicknesses decrease below
100 nm, leading to an abrupt degradation of their TCO figure
of merit. While the exact origin of this thickness-dependent
degradation is not clear, the structural irregularity or the defect
inhomogeneity of crystalline In-based materials might be
responsible.19−23 On the contrary, some In-free TCOs show
promising efficiency with the thickness of tens of nanome-
ters.24,25 For the thin-film transistor applications, TCOs
operating in this thin-thickness limit are highly necessary.
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In this paper, we propose Ca−Al−O (CAO) as an ultrathin
In-free amorphous TCO film, with a competitive figure of
merit. In contrast to the conventional TCOs with post-
transition metal elements, s-orbitals of Ca, an earth-abundant
alkaline earth metal, constitute the conduction band and
function as the electron pathway in amorphous CAO. By
characterizing the optical and electrical properties of the CAO
thin films as thin as 9 nm, we confirm that the transparent
CAO thin films maintain robust TCO performances
irrespective to thickness reduction.

■ RESULTS AND DISCUSSIONS
Amorphous CAO thin films with atomically flat surfaces have
been fabricated using pulsed laser deposition (PLD). Figure 1
shows the structural properties of CAO thin films deposited on
single-crystalline SrTiO3 (STO) substrates. A representative X-
ray diffraction θ−2θ scan (Figure 1b) does not show Bragg
diffraction peaks other than those from the substrate. On the
other hand, the X-ray reflectivity (XRR) measurement (Figure
1a) presents an apparent fringe pattern, providing the thickness
of the thin film and assuring the extremely flat nature of the
surface and the interface of the amorphous thin film. The one-
unit cell step-and-terrace structure in the topography measured
by atomic force microscopy (AFM) further validates the
atomically flat surface of the CAO thin films, with very low
root-mean-square (RMS) roughness (<1 nm, inset of Figure
1b). In the cross-sectional image obtained by transmission
electron microscopy (TEM), the well-defined surface and
interface, as well as the highly homogeneous nature of the
CAO thin film, is observed (Figure 1c). Employing the TEM−
electron dispersive spectroscopy (EDS), we further confirmed
the exceptional structural and chemical homogeneity of the
CAO thin films (Figure S1a). The high-resolution TEM image
in Figure 1d depicts the atomically flat interface between the
amorphous CAO thin film and STO substrate. The fast Fourier
transformation (FFT) image of the CAO thin film (upper
inset) shows hazy rings that indicate the amorphous nature of
the thin film.

The amorphous CAO thin film has a sizable optical band
gap, giving rise to high transparency. We measured the optical
transmittance spectra (Tr) of the CAO thin films in the
photon energy range of 0.62−6.2 eV, as shown in Figure 2a. In
the visible range, Tr decreases systematically with the increase
of the film thickness. The photographic images shown in the
inset of Figure 2b provide the clear transparent nature of the
thin films in the visible range. In the low photon energy range,
the Drude absorption is evidenced, indicating that the CAO
thin films are conducting.24,26−28 We additionally performed
optical transmittance simulation based on the metallic CAO
thin film, which reproduces the transmittance spectral features
obtained experimentally (see Figure S2 and Supporting
Information for detail). The optical band gap of the CAO
thin film is larger than that of the STO substrate, i.e., 3.2 eV,
and Tr above 3.2 eV is limited by the substrate. Note that the
larger Tr of the thin films around 3.0 eV, compared to the STO
substrate, is due to the antireflection effect. We further
extracted the Tr spectra of the CAO thin films without the
substrate by deducing the optical dielectric functions of CAO
satisfying the Tr results (see Supporting Information for
detail). Figure 2b shows that the CAO thin films have high Tr,
with the thinnest sample showing almost 95% of Tr in the
visible range, manifesting superior optical properties of the
CAO thin films.
The amorphous CAO thin films show good electrical

conductivity at room temperature. Figure 2c,d shows the sheet
resistance (Rs) and the sheet carrier concentration (ns) of the
CAO thin films as a function of temperature, respectively. Rs
decreases largely (3 orders of magnitude) with the decreasing
temperature, indicating a robust metallic behavior. The
resistivity (ρ) and the bulk carrier concentration (n) of the
CAO thin films are shown in Figures 2e,f, respectively. Despite
their amorphous nature, the CAO thin films show very low ρ
(∼10−5 Ω cm) with high n (∼1022 cm−3) at room temperature
when compared to other TCOs with thicknesses of tens of
nanometers. If the metallic conduction were to originate from
the film/surface interface and not from the CAO thin film, a

Figure 1. Atomically flat amorphous CAO thin films. (a) The X-ray reflectivity scans of the CAO thin films show clear thickness-fringe patterns.
(b) Typical X-ray diffraction θ−2θ scan result of an amorphous CAO thin film. Stars (*) denote the (001), (002), and (003) Bragg reflections of
the STO substrate. The inset shows an AFM topography image of the CAO thin film, maintaining the step-and-terrace structure of the substrate.
The scale bar denotes 1 μm. (c) Low-magnification cross-sectional TEM image of the CAO thin film on an STO substrate. The scale bar denotes
100 nm. (d) High-resolution cross-sectional TEM image of the CAO thin film. The scale bar denotes 5 nm. Top and bottom insets show the FFT
images of the amorphous CAO thin film and the crystalline STO substrate, respectively.
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constant Rs value is predicted independent of the film
thickness. Therefore, the exact linear scaling of ρ and n with
respect to the thickness of the thin film, i.e., the CAO thin films
show the same ρ and n value independent of the thickness,
confirms that the CAO thin film is indeed metallic.
The theoretical calculation provided the origin of the large

optical band gap of the CAO thin films. We used molecular
dynamics (MD) calculations to estimate the band structure of
the amorphous CAO. The chemical composition of the thin
film was first estimated experimentally using X-ray photo-
electron spectroscopy (XPS), providing atomic concentration
ratios of 9.1 ± 0.5 and 14.2 ± 0.5 for Ca and Al, respectively
(see Figure S3b,c and Supporting Information for detail). As
the oxygen concentration is rather difficult to determine
experimentally in the presence of the oxide substrate, we first
fixed the cation ratio as 9/14 for Ca/Al for the MD calculation.
Then, several oxygen concentrations within the thin film were
estimated to reproduce the experimental results (see
Supporting Information for detail). The MD results of a
stoichiometric Ca9Al14O30 structure (CAO30) and an oxygen
deficient Ca9Al14O29 structure (CAO29) are shown in Figure
3a,c, respectively. The stoichiometric CAO30 shows an
insulating band structure with a large band gap (>5 eV). By
slightly doping the oxygen vacancy (CAO29), the Fermi level
near the valence band maximum moves toward the conduction

band minimum, owing to the induced free charge carriers. A
Burstein−Moss shift can be anticipated, leading to an n-type
carrier with a wide optical band gap. It is noteworthy that the
MD calculation results manifest the importance of the oxygen
stoichiometry in determining the intrinsic transport properties
of the CAO thin film. Indeed, the desired transport properties
can only be realized by achieving a precise stoichiometry. With
the correct stoichiometry, the result of the MD calculation of
CAO29 is consistent with the experimentally observed
transport behavior (Figure 2). When more oxygen vacancies
are introduced to the system, Al clusters are generated leading
to midgap defect states (Figure S4), leading to an opaque
material.
Figure 3b,d shows the projected density of states (DOS) of

CAO30 and CAO29, respectively. The conduction bands are
mainly comprised of strongly hybridized orbital states of Ca

Figure 2. Optical and electrical properties of the CAO thin films. (a)
Transmittance spectra of the CAO thin films with various thicknesses
deposited on top of the STO substrates. The STO substrate (black
line) was annealed at the growth condition for 1 h for comparison.
(b) Transmittance spectra only for the CAO thin films. The inset
shows photographic images of the CAO thin films with various
thicknesses. Temperature-dependent (c) sheet resistance and (d)
sheet carrier concentration of CAO thin films. Temperature-
dependent (e) resistivity, (f) carrier concentration, and (g) mobility
of the CAO thin films showing a linear scaling with the thickness.

Figure 3. First-principles calculation results. (a) Energy band
dispersion of Ca9Al14O30, showing the Fermi level near the valence
band maximum. (b) Projected density of states for Ca9Al14O30. (c)
Energy band dispersion of Ca9Al14O29 with the oxygen vacancies
introduced, leading to an increase in the Fermi level. The insets in (a)
and (c) illustrate the charge density of Ca dominated by the s-orbital
(blue color) at the Γ points. (d) Projected density of states for
Ca9Al14O29. (e) Enlarged density of states of Ca and O orbitals
around the Fermi level.
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and O. In particular, the states around the Fermi level for the
CAO29, giving rise to the electrical conduction, are mainly Ca s
orbital states, as depicted in Figure 3e. The insets in Figure
3a,c illustrate the charge density obtained through the MD
calculations, in which the Ca s orbital is expressed in blue.
Indeed, CAO29 shows widely spread orbitals of the Ca 4s, in
part by hybridization with oxygen ions predominantly in the
conduction band. This overlap of the orbitals can be
considered as the origin of the high conductivity of the
amorphous CAO thin films. The band dispersion of CAO29
also provides an estimation of the effective mass, which further
justifies the transparent nature of the amorphous CAO thin
films. Herein, the flat band dispersion leads to a rather large
effective mass of m* = ∼5 me. Regarding the plasma frequency,
ωp= [ne2/m*ε0]

1/2, where e is the electronic charge and ε0 is
the permittivity of free space, a large m* corresponds to a small
ωp, allowing high transparency in the visible wavelength of
light.
We note that the highly metallic behavior of the CAO thin

films was not achieved on other substrates including LaAlO3,
LSAT, and SiO2/Si, with limited trials. This would lead to a
possibility that the STO substrates might have become
conducting as they have become reduced during the growth.
The temperature-dependent electronic transport behavior of
the CAO/STO system resembles that of the STO, partially
supporting this possibility. However, as shown previously, the
metallic behavior of the CAO thin films was confirmed by the
MD calculations to be intrinsic. This indicates that a specific
type of substrate (STO in this case) might have promoted the
right stoichiometry of the CAO thin film, as the metallic
behavior is highly susceptible to the chemical stoichiometry. In
addition, we present further experimental evidence that the
conductivity of the CAO/STO samples is indeed originating
from the CAO thin films and the STO substrate is insulating.
To confirm the insulating phase of the STO substrate, we

first employed scanning transmission electron microscopy−
electron energy loss spectroscopy (STEM-EELS) (Figure
S1b). If a sufficient amount of oxygen vacancies is introduced
in STO to induce the metallic behavior, the crystal field
splitting of the Ti d-orbitals (Δ) becomes largely suppressed.29

This can be directly observed from the decrease in Δ value
between the t2g and eg peaks of the Ti L2 and L3-edge, i.e., the
nominal value of Δ = 2.2−2.3 eV of the stoichiometric STO
decreases to 1.8−1.9 eV for the reduced STO. The first peak of
the O K-edge also shows smearing as oxygen vacancies are

introduced. These signatures of oxygen vacancies in STO are
not observed in our STEM-EELS measurements as shown in
Figure S1. Even at the very interface with the CAO, the
electronic structure of STO remains highly insulating without
any signature of oxygen vacancies. Second, the STO substrate
remains robustly insulating and transparent (black line in
Figure 2a) even after annealing at the CAO thin film growth
conditions (1 h in 700 °C with oxygen partial pressure of 10−5

Torr). It is indeed possible that the PLD growth could
introduce oxygen vacancies in the STO substrate when the
growth occurs at a low oxygen partial pressure. However, more
recent studies show that the plume dynamics is the
deterministic factor and not the oxygen partial pressure for
the creation of oxygen vacancies. For example, using a weak
laser plume, one can deposit insulating STO thin film on STO
substrate even in the high vacuum of 10−6 Torr with a laser
fluence of 1 J cm−2.30 In our case, we use higher oxygen partial
pressure of 10−5 Torr and the lower laser fluence of 0.76 J
cm−2 for CAO thin film growth. In such a case, it is not
plausible to introduce an oxygen vacancy during the growth.
Third, both ρ(T) and n are almost perfectly scaled with respect
to the thickness of the CAO thin films (see Figure 2e,f). The
exact same argument has been proposed to argue that the STO
substrate is insulating even underneath the LaTiO3 thin film,
which is known to induce a large charge transfer via
electrostatic potential mismatch.31 Finally, the optical signature
also argues strongly against the formation of oxygen vacancies
in STO. When oxygen vacancies are introduced in STO, it is
well-known that a strong, characteristic optical absorption
always occurs at ∼1.5 eV due to the formation of the in-gap
state.32−34 This absorption or any other defect state related
absorption were not observed in our CAO/STO thin film,
consistent with the metallic behavior of CAO obtained by the
theoretical calculation. We note that additional studies might
be required to investigate the metallic behavior in further
detail, but our experimental and theoretical results consistently
point toward the intrinsic metallic behavior of the CAO thin
films.
By summarizing the optical and electrical properties, the

CAO thin films exhibit a superior TCO performance,
especially in the thin-thickness limit. Figure 4 summarizes
the Haacke figure of merit of TCO performance, i.e., Φ = Tr10/
Rs.

35 The room-temperature values of Φ of the CAO thin films
are shown along with other state-of-the-art transparent
conductors, e.g., (Ca,Sr)VO3,

24 Cr-doped CdO,36 amorphous

Figure 4. Thickness-dependent Haacke figure of merit of the TCO thin films. For comparison, the figure of merit values of the state-of-the-art
transparent conducting materials are also shown with the trend lines. The CAO thin film shows a superior figure of merit in the thin-thickness
region.
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(a-)IGZO,21,37,38 a-IGZO/Cu,37 a-IGZO/Ag/a-IGZO,39 a-
ISO,40 IZO/Ag/IZO,41 poly-ITO,1 ITO,1,24,35,42 Ag,43 Au,24

and Ni.44 By plotting Φ as a function of the film thickness, it is
evident that the TCO performance should be enhanced in the
low thickness limit. Particularly, the In-based TCOs manifest
explicit decrease of Φ as the film thickness decreases to values
below a few hundreds of nanometers. Amorphous In-free CAO
thin films indeed fill the gap in this thin-thickness limit,
providing superior Φ (∼10−2 Ω−1) for the films as thin as 10
nm.
The exceptional homogeneity of the CAO thin films is the

core feature for their TCO performance in the thin-thickness
limit. In conventional crystalline In-based TCOs, the abrupt
decrease of Φ is attributed to an increase in the grain boundary
density as the thickness decreases.20 On the other hand, the
amorphous TCO thin films such as IZO and IZGO also show
a degradation of the transport properties below 100 nm.22

Substantial strain effect and the inhomogeneous defect
distribution have been suggested as the cause of this
degradation.22 In contrast, the CAO thin films are highly
uniform without any discernible thickness structural or
chemical degradation, leading to a superior TCO figure of
merit even for the thicknesses as low as ∼10 nm.

■ CONCLUSIONS

In summary, the amorphous CAO thin films are described and
proposed as new In-free TCO materials of excellent perform-
ance. CAO thin films can be considered as one of the future
TCO materials, because they are composed of earth-abundant
elements and operate at the nanometer-thin thickness limit. In
the thickness range investigated (10−50 nm), the amorphous
CAO thin film shows a highly homogeneous structural quality,
with good electrical conductivity and high transparency. Owing
to its competitive performance as a TCO in the thin-thickness
limit, the CAO thin film could lead the investigation of In-free
TCO materials.

■ EXPERIMENTAL SECTION
Thin Film Fabrication and Structural Characterization.

Atomically flat amorphous CAO thin films were grown on (001)-
oriented single crystalline SrTiO3 (STO) substrates, both single- and
double-sided-polished, by using pulsed laser deposition (PLD) at 700
°C and oxygen partial pressure of 10−5 Torr. We used an excimer
(KrF) laser with a wavelength of 248 nm (IPEX 864, Lightmachinery,
Nepean, Canada), a low energy fluence of 0.76 J cm−2, and a
repetition rate of 8 Hz. We exploited the home-grown CaAlO2.5
ceramic target. For the target, a 1:1 molar ratio of CaCO3 (4 N) and
Al2O3 (4 N) powders are mixed in an agate mortar and pressed into
pellets of 20 mm in diameter. The pellets are subsequently fired at
1250 °C for 12 h. For the characterization of the amorphous
structure, high-resolution X-ray diffraction (XRD) and transmission
electron microscopy (JEM2100F, JEOL, KBSI) were employed.
Atomic resolution STEM and EELS/EDS measurements were
performed by Monochromated ARM200 (KBSI and GERI). The
atomic force microscope (AFM) was used to reveal the atomically flat
surface of the amorphous thin films. The X-ray reflectivity (XRR)
measurements were employed to obtain the thickness values of
amorphous CAO thin films, consistent with the TEM measurements.
Thin Film Chemical Composition. The chemical composition of

the amorphous thin films was investigated using X-ray photoemission
spectroscopy (XPS, Theta Probe, Thermo) at room temperature. A
monochromated Al Kα (hν = 1486.6 eV) was used as the source. The
spot size of 400 μm and pass energy of 50.0 eV were employed for the
measurements, with the steps of 0.1 eV. The peak positions were
calibrated using the C 1s photoemission signal at 284.5 eV as

reference. For the specific analysis of the spectra, we deconvoluted the
peaks by using a mixed Gaussian−Lorentzian function.

Optical Properties Characterization. The transmittance spectra
were measured using a commercial monochromatic spectrometer
(Lambda 950, PerkinElmer). The measured spectra ranged from mid-
infrared to UV (0.6−6.2 eV). An empty hole was used to define the
reference transmittance. The both-side-polished STO substrates were
employed for the transmittance measurements.

Transport Measurement. We used the van der Pauw geometry
to simultaneously obtain the temperature dependent resistivity ρ and
the carrier concentration n. Four Pt wires were attached on In
electrodes at each corner of the square-shaped thin film to induce
ohmic contact. For the Hall measurements, a current of 50 μA in a
PPMS (Quantum Design) was applied under the temperatures
ranging from 2 to 310 K.

Theoretical Interpretation. The first-principles molecular
dynamics (MD) simulations and the electron structure calculations
were performed using the Vienna ab initio simulation package
(VASP).45 The projector-augmented-wave pseudopotentials describe
the electron−ion interactions.46 The generalized gradient approx-
imation (GGA) with the Perdew−Burke−Ernzerhof functional
further characterizes the exchange-correlation energy between
electrons.47
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