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Abstract 

Copper-based delafossite oxides are excellent candidates for the p-type transparent conducting 

oxide (TCO), which is essential in realizing transparent semiconductor applications. Using 

angle-resolved photoemission spectroscopy (ARPES), we report the low-energy electronic 

structure of CuAlO2. We found that the band structure near the valence band top is characterized 

by hole bands with their maxima along the Brillouin zone boundary. Furthermore, the effective 

masses along the Γ–M and Γ–K directions were found to be (0.6 ± 0.1) m0 and (0.9 ± 0.1) m0, 

respectively, which impose an important benchmark against the existing band calculations. 

  



The combination of light transmission in the visible spectrum and electrical conductivity forms 

the basis of transparent conducting oxides (TCOs). TCOs are generally scarce but important for 

numerous technological applications, including flat panel displays, solar cells, smart windows, 

gas sensors, and transparent transistors [1-12]. Most known high-performance TCOs tend to be 

n-type materials, for example, indium tin oxide (ITO) [13, 14] , fluorine tin oxide (FTO) [15, 

16], and zinc oxide (ZnO) [17-19]. Kawazoe et al. discovered an efficient p-type TCO in the 

delafossite CuAlO2 with room temperature conductivity (σ) as high as 1 S cm-1 and mobility (μ) 

about 10 cm2V-1s-1. Moreover, the positive Seebeck coefficient of CuAlO2 points to that the 

majority of carriers are holes [11]. On the other hand, it was found that there currently exists a 

gap in our understanding between p-type and n-type TCOs, which hinders the improvement of p-

n junction TCO-based devices [20, 21]. As a result, a plenty of delafossites were discovered to 

enhance the conductivity of p-type TCO materials, for instance CuBO2 [22], CuCrO2 [23], 

CuGaO2 [24], CuInO2 [25] and CuYO2 [26], as well as SrCu2O2 [12]. 

 

Cu-based delafossites have been studied intensively in order to predict the bandgap, understand 

the conductivity, investigate the physical properties of the materials and improve their efficiency. 

As a result, several band structure calculations have been performed using the density functional 

theory (DFT) under the local density approximation (LDA) and using various approximations 

and hybrid functionals [27-47]. However, the key parameters resulting from the theoretical 

efforts are largely scattered. For example, the effective mass and bandgap size of CuAlO2 range 

from 0.42 m0 to 8 m0 and 1.9 eV to 13 eV, respectively. Although, it is generally believed that 

the effective mass of less than 1.5 m0 and the bandgap smaller than 3 eV are advantageous in 

realizing a TCO to accomplish a simultaneous high conductivity and excellent transparency to 

visible light [5]. 

 

There have been only a small number of experimental studies reported until now. The 

experimental bandgap has been reported to be between 2.2 eV and 4.2 eV [48-53] from optical 

spectroscopy and the combination of x-ray emission (XES) and x-ray absorption spectroscopy 

(XAS). In this work, we report a study using the angle-resolved photoemission spectroscopy 

(ARPES) on CuAlO2 to reveal a detailed picture of the momentum resolved electronic structure. 

We have found that the top of the valence band is dominated by the hole bands around the 



hexagonal Brillouin zone boundary. The electron removal gap is found to be ~ 0.3 eV with the 

valence band top near the K point. The experimental effective masses along the Γ–M and Γ–K 

directions are determined from the band structure to be (0.6 ± 0.1) m0 and (0.9 ± 0.1) m0, 

respectively. 

 

The single-crystal of CuAlO2 was synthesized using the flux self-removal method as described in 

Ref. [53]. The ARPES experiments were carried out at the Beamline 10.0.1 of the Advanced 

Light Source at Lawrence Berkeley National Laboratory, using a Scienta R4000 electron 

analyzer. The base pressure of the experimental endstation was 3 × 10−11 Torr. The photon 

energy was set to 55 eV with a total convolved energy and an angular resolution of 25 meV and 

0.9°, respectively. The measurement temperature was 300 K. Below 200K, we found signatures 

of sample charging. 

 

Figure 1 shows the crystal structure and the Brillouin zone of CuAlO2. It has a layered crystal 

structure illustrated in Fig. 1(a), characterized by the space group of 𝑅"3𝑚	in the normal phase. It 

consists of O-Cu-O dumbbell layers in a hexagonal plane separated by an AlO6 edge-sharing 

octahedra layer with lattice parameters a = b = 2.858 Å and c = 16.96 Å [38, 54]. Fig. 1(b) 

displays the bulk and surface-projected Brillion zone of delafossite 3R-phase CuAlO2 with high 

symmetry points labeled. 

 

The overall electronic structure of CuAlO2 measured by ARPES is summarized in Figure 2. Fig. 

2(a) shows the angle-integrated photoemission spectrum of CuAlO2, which represent the total 

density of states clearly illustrating the characteristics of the Cu 3d and O 2p originated valence 

state. The overall intensity is dominated by the O 2p state in higher binding energy (-6 eV to ~ -

1.5 eV). The Cu 3d state close to the Fermi energy is weaker in intensity but is well separated 

from the O 2p state and clearly visible. Previous x-ray measurements [50] found that non-

negligible mixing of orbital characters between O 2p and Cu 3d states exists. The O 2p states in 

higher binding energy clearly show dispersive features along the high symmetry direction, as 

depicted in Fig. 2(b), which shows single crystallinity and high surface quality of the sample. 

The dispersion of the valence states close to chemical potential is only visible when zoomed in 

(Fig. 2(c)) due to the significant difference in intensity between O 2p and Cu 3d states. We found 



a hole band disperses towards the Brillouin zone boundary along the Γ–K direction with finite 

intensity up to 300 meV below the Fermi energy. The visibility of this dispersive band is 

dependent on the experimental geometry. The spectrum shown in Fig. 2(c) is measured with 

linear polarization of the light is in the plane of the sample surface and detection plane 

perpendicular to the light polarization. A clearer view of this feature can be made within a 

different geometry and presented below.  

 

Figure 3 shows the iso-energy surfaces of CuAlO2 at different binding energies. At Fermi level 

(Fig. 3(a)), there is hardly any state shown in the intensity map, confirming the insulating nature 

of the sample. Moving to the higher binding energy, E = -0.4 eV (Fig. 3(b)), the iso-energy 

surface map show the intensity from the valence band top. We found the signal from the valence 

band top is mainly concentrated along the Brillouin zone boundary. Moving further down in 

energy to -0.9 eV and -1.4 eV (Figs. 3(c) and (d)), the intensity formerly concentrated along the 

zone boundary splits to form hexagonal constant energy contours encapsulating the Γ point. The 

evolution of iso-energy surface with the increasing binding energy confirms the hole nature of 

the low energy valence band and carriers excited from it. 

 

We now focus on the dispersion along the high-symmetry lines of the low energy valence hole 

bands. Figure 4 shows the dispersion of the hole bands along the Γ–K and Γ–M directions in 

intensity maps and energy distribution curve (EDC) stacks. The data shown here are measured in 

the geometry where the electron detection plane is parallel to the light polarization to better 

visualize the low intensity near Fermi energy features. The valence band maximum (VBM) 

position is slightly different at the K point and at the M point, -0.3 eV and -0.5 eV, respectively, 

which correspond to the size of the electron removal gaps. The size of the full gap cannot be 

estimated from the photoemission data alone since the unoccupied state above the Fermi energy 

cannot be measured by electron removal spectroscopy such as ARPES. However, according to 

electronic structure calculation employing GGA+PBE [31], the conduction band minimum 

(CBM) can be identified at the Γ point at an energy of around 2 eV relative to the Fermi level, 

which corresponds to an indirect gap of about 2.3 eV. This is consistent with previous XES and 

XAS measurements [50]. Our preliminary XES and XAS measurements (not shown) also 

confirms the gap of a similar size. The optical measurements on the same crystal used here [53] 



also report an indirect gap of similar size ~ 2.2eV although it tends to underestimate the size of 

the gap [55, 56]. The exact size of the full gap of CuAlO2 requires further studies by optical 

measurements, scanning tunneling spectroscopy or high-resolution XES and XAS 

measurements. 

The hole effective mass (m*) can be estimated from our experimental dispersion relations. Using 

the relation 1/m* = 1/h2 (dE2/d2k) and simple parabolic approximation, we estimate m* along the 

Γ–M direction m*ΓM = (0.6 ± 0.1) m0. In the same way, the effective mass along the Γ–K 

direction is found to be m*ΓK = (0.9 ± 0.1) m0. These values reasonably agree with the 

GGA+PBE predicted effective masses of 0.58 m0 for the Γ–M direction [31] . The relation 

between electrical conductivity (σ) and carrier mobility (μ) of TCO materials is directly 

proportional (σ = neμ), where (e) is the elementary charge, and (n) is the charge carrier 

concentration, while the relationship between charge carrier mobility (μ) and the effective mass 

(m*) is inversely proportional (μ = eτ/m*), where (τ) is the free carrier scattering time. The 

effective mass is a crucial quantity to determine the transport properties. In p-type 

semiconductors, a faster dispersion at the VBM indicates a low hole effective mass, which 

corresponds to high carrier mobility and hence high electrical conductivity [5]. The small hole 

effective mass of CuAlO2 obtained from ARPES is consistent with the high mobility and 

conductivity of the transport measurements [11]. 

 

In summary, we have used ARPES to clarify the electronic structure of the delafossite CuAlO2. 

Our data are consistent with the previous report that CuAlO2 is an indirect bandgap p-type TCO. 

Our ARPES results are in good agreement with a recent theoretical report [31] on the overall 

electronic structure, effective mass, and bandgap size. The hole effective mass of CuAlO2 has 

been identified as small as m*ΓM = (0.6 ± 0.1) m0. Given the size of the experimental optical 

bandgap of around ~ 2.5 eV, this implies good conductivity and a wide bandgap. Our results 

provide an essential benchmark for the available theoretical calculations and future studies on the 

electronic properties of TCO CuAlO2. 
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Figure 1. (a) Crystal structure of delafossite compound CuAlO2, with copper, aluminum and 

oxygen atoms in green, red and blue, respectively. (b) Bulk (blue) and surface-projected (dark 

green) Brillouin zones with high symmetry points labeled. 
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Figure 2. (a) Angle-integrated photoemission spectrum of CuAlO2. (b) Angle-resolved 

photoemission intensity map along Γ–K direction. (c) Zoomed in the plot of dispersion map 

shown in (b) close to the Fermi energy. 
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Figure 3. Iso-energy surface maps of CuAlO2 at 0, -0.4, -0.9, and -1.4 eV relative to the Fermi 

energy, respectively. High symmetry points are marked in the plot.  
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Figure 4. High-resolution ARPES spectra along Γ–K and Γ–M. (a), (c) ARPES intensity map 

and EDC stacks along the Γ–K direction. (b), (d) ARPES intensity map and EDC stacks along 

the Γ–M direction. 
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