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1. Introduction

Low work function thin films have important significance in the application of electronic and optoelectronic 
devices [1] that require low work function and atmospheric stability, such as cathode materials in OLED [2] or 
new dopant-free carrier selectivity cells [3]. The inorganic 12CaO · 7Al2O3 (C12A7) electride is a new and excellent 
material that features low work function and room temperature stability at the same time [4, 5]. The unit cell of 
C12A7 electride consists of a positively charged [Ca24Al28O64]4+ framework together with trapped electrons in the 
framework to maintain electrical neutrality [6]. The unique crystal structure endows this high alumina cement to 
have excellent electrical properties with low work function (2.4 eV), metallic conduction with rather high electrical 
conductivity (1500 S cm−1) and atmospheric stability as well [7].

So far, the fabrication method of the C12A7 electride thin films were mainly classified into two strategies. One 
is obtain an insulator C12A7 film by various techniques [8–13] and then reduce it into C12A7 electride film by dif-
ferent reduction processes. The insulator C12A7 thin films were first deposited at RT using pulsed laser deposition 
(PLD) [8–12] or chemical solution deposition (CSD) method [13]. The reduction processes include annealing 
the amorphous thin film at high temperatures in the H2 atmosphere followed by ultraviolet light irradiation [8], 
hot implantation with Ar+ ion fluencies [12], and a two-stage film deposition process combined with chemical 
mechanical polishing [14]. Although high electrical properties have been reported to result from the use of these 
processes, they can give rise to problems of complex operations and be restrained by the small size of the film that 
could be produced, which is unable to meet the needs of large-scale products.

The other fabrication approach for the deposition of C12A7 electride thin film is magnetron sputtering 
method [15–17], which can be used to obtain C12A7 electride film from the conductor target directly. Watanabe 
et al [18] deposited the amorphous C12A7 thin film via RF sputtering and integrated it into an OLED device 
to act as an effective electron injection layer. This approach is suitable for large-scale fabrication and has great 
prospects for application in optoelectronic devices. The key goal is identifying how to obtain a high-quality 
electride ceramic target. Kim et al [19] heated insulating C12A7 disks in a carbon crucible at 1000–1200 °C for 
24 h in an N2 atmosphere and obtained the electride with an electron concentration of about 8  ×  1019 cm−3. 
This process required a long time for reduction, and the thickness of the disk was less than 1 mm. The same group 
also melted the C12A7 powder in a carbon crucible at 1600 °C twice to form a transparent glass and crystallized 
it in an evacuated silica tube at 1000 °C [20]. The obtained polycrystalline C12A7 electride exhibits an electrical 
conductivity up to 5 S·cm−1, but the fabrication method required a multi-step process. The further optimization 
of the synthetic process with which to prepare a C12A7 electride ceramic target with a high electron concentra-
tion is worthy of study.
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Abstract
In this work, a high density (94%) and high electron concentration (2.3  ×  1020 cm−3) doped C12A7 
electride ceramic target for magnetron sputtering was prepared by directly heating the C12A7 nano 
powder to above its melting point. The effects of the temperature on the electron concentration 
was explored. Furthermore, a smooth (Rq  =  0.6 nm), high transparent and low work function 
(Φ  =  2.9 eV) C12A7 electride thin film was deposited via magnetron sputtering. This result provides 
a suitable route for the fabrication of large-scale C12A7 electride film and has a bright prospect for 
application in optoelectronic devices.
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In this work, we developed an improved preparation method for a dense and high electron concentration 
doped C12A7 ceramic target in which direct thermal heating of C12A7 nano powder to above its melting point 
in a carbon crucible in an inert atmosphere is used. The effects of heating temperatures on the electron concen-
tration are explored. Furthermore, an amorphous C12A7 electride thin film was deposited at room temperature 
via magnetron sputtering using this home-made target. A low work function (Φ  ≈  2.9 eV) and smooth surface 
(Rq  ≈  0.6 nm) film was obtained.

2. Experimental procedures

2.1. Synthese of C12A7 target
Undoped C12A7 powder was obtained by a conventional solid-state reaction from a stoichiometric mixture of 
analytical grade CaCO3 (Aldrich) and Al2O3 (Sinopharm) (mole ratio of CaO: Al2O3  =  12: 7). The sample was 
placed in an agate tank and an appropriate amount of water was added, then ground the mixture for 4 h under a 
planetary ball mill (QM-3SP2, Instrument Factory of Nanjing University, China) with the speed of 300 RMP. The 
mixed powder was reacted in a Box-type resistance furnace (YFX12/16Q-YC, Shanghai Y-feng electrical furnace 
Co. Ltd, China) at 1250 °C for 8 h in air and then crushed in a agate mortar (Φ120 mm) to obtain fine powder. 
The powder was then divided into several parts and put into different carbon crucibles (ψ30 mm  ×  40 mm and 
ψ80 mm  ×  110 mm ) with caps. Reduction process were carried out in a vacuum furnace (SQFL-1700, SIOMM, 
China) at different temperatures ranging from 1250 °C to 1500 °C in a flowing N2 atmosphere and then cooled 
down at a rate of 10 °C/min. After thermal treatment, the powder turned into bulk form and the color changed 
from white to dark green. The bulk C12A7 material was then polished with grinding machine (KGS618, JIYE, 
China) into a smooth surface for subsequent sputtering process.

2.2. Film deposition
The C12A7 thin films were deposited on quartz glasses (30 mm  ×  30 mm, ~1 mm in thickness) and single crystal 
silicon (1 0 0) (30 mm  ×  30 mm, ~0.52 mm in thickness) substrates by magnetron sputtering (JCP-350M2, 
Ticono, Beijing, China) using the C12A7 target that fabricated as mentioned above. Before thin film deposition, 
the substrates were ultrasonically cleaned in deionized water, ethanol and acetone for 20 min respectively and then 
followed by nitrogen gas blowing. During deposition, RF powder was set at 200 W with Ar gas flow fixed at 30 sccm 
which was controlled by the mass flow controller. The substrate temperature was fixed at room temperature. 

2.3. Characterization
The structure of the C12A7 powder and bulks were examined using x-ray diffraction (Bruker AXS/D8 advance 
XRD) with Cu Kα radiation (λ  =  0.154 06 nm, 40 kV, 360 mA). The Raman spectrum of the samples were 
characterized by a micro-Raman spectrometer (Nanofinder, Tokyo Instruments) with the frequency-doubled 
CW-Nd:YAG laser light (λ  =  532 nm). The optical properties of as-prepared samples were studied at room 
temperature by a UV–vis spectrophotometer (Perkin-Elmer, Lambda 950, USA). The infrared absorption band 
of the samples were examined by a Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo, USA) 
using a KBr pressed disk. The morphology, microstructure of the target and composition analyses of the as-
deposited film were performed using a field emission scanning electron microscopy (FE-SEM)/energy-dispersive 
x-ray analysis (EDAX) system (S-4800, Hitachi Ltd, Tokyo, Japan). The density of the samples was measured by 
the Archimedes method using a densitometer (MH-600, MatsuHaku, Taichung, Taiwan). The thickness of the 
film was measured by using spectroscopic ellipsometer (Woollam M-2000DI). The surfaces of the as-deposited 
thin films were examined by an atomic force microscopy (AFM, CSPM5500 Scanning Probe Microscopy). The 
photoelectron measurements were performed using Kratos AXIS ULTRADLD. The UPS spectra were recorded 
using a He I radiation (hv  =  21.22 eV) with a step size of 0.025 eV.

3. Results and discussion

3.1. C12A7 target
Figure 1(a) shows the XRD patterns of the C12A7 powder fabricated by solid-state reaction and those heated in 
carbon crucibles at different temperatures. The powder and samples heated below 1500 °C showed well-resolved 
sharp peaks in the XRD pattern, which were in good agreement with the well crystalline C12A7 phase (PDF#09-
0413). No obvious distinction was observed with varied heating temperatures below 1500 °C. However, when 
the sample was heated to 1500 °C, it decomposed to CA  +  C3A. This phenomenon was reported by Sung Wng 
Kim [21] that O2− ions in the framework tends to remove at high temperature, which lead to the decomposition 
of C12A7 phase into CA  +  C3A mixture. To further confirm the detailed structure and chemical composition 
of the heated samples, Raman spectrums of the samples after heating were characterized. The Raman spectrums 
of all the samples heated from 1250 °C to 1450 °C were nearly the same. Figure 1(b) shows the Raman spectrum 
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of the sample heating at 1450 °C and 1500 °C for 2 h, respectively. The intense peaks located at 519 cm−1 and 
772 cm−1 were the characteristic peaks of C12A7 phase. The bands at 519 cm−1 and 772 cm−1 were origin from 
the framework Al–O vibrations and belonged to the totally symmetric modes [22]. While for the sample heated 
at 1500 °C, there were four obviously peaks at 520 cm−1, 546 cm−1, 754 cm−1, 780 cm−1, respectively. The peaks 
located at 546 cm−1 and 521 cm−1 were corresponding to the CA phase while the characteristic peaks of C3A phase 
were at 756 cm−1 and 508 cm−1 [23]. Combining the XRD patterns and the Raman spectrums, we could ensure 
that C12A7 bulks were pure phase at the heating temperature below 1500 °C, while tended to decompose into 
CA  +  C3A mix phase when the temperature higher than 1500 °C.

For the C12A7 electride, the change of the absorption spectrum is a direct embodiment of the electron  
concentration. Figure 2 shows the optical absorption spectra of the samples heated at different temperatures. Here, 
we use the UV–vis and Fourier transform infrared spectroscopy to determine the UV–vis absorption intensity 
and infrared absorption intensity, respectively. We crushed the reduced samples into fine powders. The intensities 
of the UV–vis absorption were estimated by Kubelka–Munk analysis of the diffuse reflectance spectra of pow-
dered samples which are press onto a BaSO4 reflected back. Because the BaSO4 in the UV–vis region have little  
absorption, we can safely draw the conclusion that the absorption is caused by the C12A7 electride. We also crushed 
the samples into fine powders and diluted with KBr powder for the infrared absorption measurements. The  
reduction treatment induced two absorption bands at 2.8 and 0.4 eV, respectively, which indicated the electrons 

Figure 1. (a) XRD patterns of samples heated at different temperatures; (b) Raman spectrum of the samples heating at 1450 °C and 
1500 °C for 2 h.

Figure 2. Optical absorption spectra of samples reduced at different temperature.
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were captured by the positively charged cage at the F+-like center. The former absorption bands is attributed to the 
intracage electron transition to a 1p excited-state in the same cage which resulted in the green coloration. The latter 
is attributed to the intercage transition from the 1s ground state of the occupied cage to the 1s state in a neighboring 
empty cage [24]. The band shape and peak position of the two bands agree well with the results that published by 
Satoru Matsuishi [6]. The increase of the absorption intensity reflected the increase of the electron concentration. 
It showed that increase the heating temperature can increase the intensities of both bands which reflect the electron 
concentration. While as the temperature higher than the melting point (1290 °C) [21] of the C12A7 electride, 
further improve the heating temperature had little effect on the intensity incensement. At high temperature, the 
atmosphere inside the carbon crucible was a strongly reducing atmosphere. The reduction process was likely to be 
the joint actions of CO/CO2 reduction process [19] and melt-solidification process [20]. 

Though we can observe the change of the electron concentration from the absorption spectra, the accurate 
electron concentration cannot be read from the spectra. The iodometry is a simple and accurate way to determine 
the concentration of electrons [25]. Parts of the bulks after reduction were further ground into powder form for 
iodometry measurement. Approximately 50 mg of each powered sample was placed in a conical flask. Aqueous I2 
solution (1.0  ×  10−3 M, ~10 ml) was then poured into each vessel. The pH was adjusted to ~0.5 with HCl. The 
vessel was sealed to prevent the reoxidation of I− ions by ambient oxygen, and the stirred solution was maintained 
at a temperature of 20 °C in a dark room. After confirming complete dissolution of the sample, the amount 
of residual I2 was titrated using sodium thiosulfate solution (1.0  ×  10−3 M). Observation of the endpoint was 
enhanced by adding three drops of starch solution. Each group of experiments were repeated for three times, tak-
ing the average of the experimental results. Table 1 shows the calculated concentration of the electrons in different 
samples. All the experiments are operated in the atmospheric environment, the real result maybe higher than that 

determined. Even though, the best result is higher than the reported results that reduced in carbon crucible [19].
The other key assessment criterion for the ceramic target is its density, which directly influence the rate and the 

quality of the magnetron sputtering. The density of the sample heated at 1450 °C was measured to be 2.49 g cm−3 
according to the Archimedes principle and the relative density is calculated as high as 94%. The result showed that 
the high-density ceramic target was suitable for the magnetron sputtering. The optical photograph of the 3 inch 
target and the cross-section microscopic image with a scale bar of 50 µm are shown in figure 3. It was observed that 
the target is dark color with a smooth surface after mechanical polishing. The cross-section image of the target is 
dense and smooth, neither pores nor grain boundary could be observed. 

3.2. C12A7 thin film
In this part, we deposited C12A7 thin film by magnetron sputtering method using the electride target to explore 
its potential applications in optoelectronic devices. The sputtering process was conducted at room temperature 
with the sputtering power set at 200 W. The measured thickness of the grown thin film was about 690 nm. 
Figure 4 shows the UV–Vis optical transmittance  +  reflectance spectrum of the as-deposited thin films before 
and after annealing compared with quartz substrate. It was denoted that the as-deposited thin film had almost no 

Table 1. The electrons concentration of the reduced samples heated at different temperatures.

Temperature/°C Time/h Electrons concentration/cm−3

1250 2 4.9  ×  1019

1350 2 2.1  ×  1020

1450 2 2.3  ×  1020

Figure 3. (a) Optical photograph and (b) cross-section SEM image of the target heated at 1450 °C.
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absorption at visible wavelength range. An obvious absorption band at 4.7 eV was observed for the as-deposited 
thin film, which might be caused by the electron spin-paired state [26]. Comparatively, it was observed that the 
absorption band disappeared after 700 °C annealing in air atmosphere. It was reported that C12A7 electride 
is stable below 600 °C and turn into insulator in the atmospheric environment at higher temperature [27]. 
The differences of the absorption band at 4.7 eV between the samples before and after annealing might be the 
supplementary proof of the existence of electron in the as-deposited thin film. The inset figure (b) shows the 
optical photograph of the as-deposited C12A7 thin film with a thickness about 690 nm, indicating that the film 
has a high transparent property. The band gap energy is a fundamental property of semiconductors, which 
indicates the threshold for the absorption of photons. The inset figure (a) shows the (αhv)2 versus hv plot of the 
as-deposited film with the thickness of about 690 nm. The band gap energy of C12A7 electride thin film was 
calculated via Tauc’s formula

α
υ
υ

=
−

B
h E

h

r
g

1( )
  

/
 (1)

where α is the absorption coefficient, Eg is the band gap energy, B is the proportionality constant, υh  is the 
photon energy in eV, and r  =  1/2 indicating the allowed direct transition of C12A7 electride film [8]. The band 
gap value of the C12A7 thin film that got from the intersection of tangent and transverse coordinates was about 
5.6 eV, which fit well with the band gap value from cage conduction band to valence band that reported by Satoru 
Matsuishi [28].

The surface roughness of the film has a great effect on the device performance. In order to observe surface 
topography of the C12A7 electride thin films, AFM images of the 690 nm C12A7 thin film with a scan area of 
2  ×  2 µm2 are presented in figure 5(a). The as-deposited thin film was dense without evident particles or clusters. 
The surface root mean square roughness (Rq) was calculated to be 0.6 nm. It indicated that the C12A7 thin film 
had a smooth surface and was suitable for the device application. The XRD pattern of the as-deposited thin film 
revealed an amorphous structure, which was not shown here. To further investigate the composition of the as-
deposited film, we deposited the film on a single crystal silicon substrate via sputtering, the EDX testing result is 
shown in figure 5(b). The atomic ratio of Ca/Al derived from EDX was approximately 12:15 which in the range of 
allowable error. As a result, it can be deduced that sputtering process would not change the stoichiometric ratio 
of the target and the as-deposited film was amorphous C12A7 thin film.

The low work function is another remarkable characteristic of the C12A7 electride. Figure 6 shows the UPS 
spectra of the target prepared at 1450 °C for 2 h and the thin film deposited at room temperature. The insert  
figure is the enlarged cutoff regions of the samples. For the target and the thin film, the secondary elec-
tron cutoff energy values were about 2.4 eV and 2.9 eV, respectively. The low work function was near to 
the LiF/Al thin film which is wildly used in the OLED device. The C12A7 electride is a low work function 
material and stable in the atmospheric environment, which will find more prominent applications in the  
optoelectronic devices.

Figure 4. UV–Vis optical transmittance  +  reflectance spectrum of the C12A7 thin films before and after annealing compared with 
quartz substrate. The inset figure (a) is the (αhv)2 versus hv plot of the as-deposited C12A7 thin film; (b) is the optical photograph of 
the as-deposited C12A7 thin film.
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4. Conclusions

In this work, we explored the change of the electron concentration in the C12A7 electride target at different heating 
temperatures near its melting point. By optimizing the reduction condition, the maximum electron concentration 
of 2.3  ×  1020 cm−3 was obtained for the C12A7 powder heated at 1450 °C for 2 h and the 3 inch size electride 
target has a relative density of 94% was achieved. Furthermore, a smooth (Rq  =  0.6 nm) and low work function 
(2.9 eV) amorphous thin film was prepared using the home-made target via magnetron sputtering process. For 
the optoelectronic devices application, an additional investigation is currently underway.

Figure 5. (a) AFM image and (b) EDX atom composition of the as-deposited thin film.

Figure 6. UPS spectra of the C12A7 electride target and the sputtering thin film. The inset image was the enlarged cutoff regions of 
the samples.
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