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Abstract Optical absorption into 6 mm thick sol–gel

derived films, annealed at 1300 �C of 12CaO�7Al2O3 cal-

cium aluminate binary compound on MgOh100i single

crystal substrates was studied at temperatures ranging from

room temperature to 300 �C. Experimental data were

analysed in both Tauc and Urbach regions. The optical

band gap decreased from 4.088 eV at 25 �C to 4.051 eV at

300 �C, while Urbach energy increased from 0.191 eV at

25 �C to 0.257 eV at 300 �C. The relationship between the

optical band gap and the Urbach energy at different tem-

peratures showed an almost linear relationship from which

the theoretical values of 4.156 and 0.065 eV were

evaluated for the band gap energy and Urbach energy of a

12CaO�7Al2O3 crystal with zero structural disorder at 0 K.

1 Introduction

The complex oxide 12CaO�7Al2O3, or C12A7, has been

widely known for several years as one of the main con-

stituents of alumina cements. Its unique crystal structure,

however, has been only recently understood. The lattice

structure of this compound is built up of nano-sized empty

cages of [Ca24Al28O64]4? which can randomly incorporate

negatively charged species, such as O2-, O-, O2
2-, F-,

Cl-, OH-, H- and electrons [1, 2], the properties of the

compound being dependent upon the type and concentra-

tion of these species [3]. For instance, this insulating ma-

terial can be converted to a semiconductor, conductor or

superconductor depending on the type of incorporated an-

ions without a significant change in the structure of the

lattice [4, 5]. This complex oxide is, therefore, gaining

much attention in numerous chemical, electronic and op-

toelectronic applications such as ion conductor, electron

donor for chemical syntheses and decomposition reactions,

electron field emitter, electron injection layers in organic

light-emitting devices, oxidizing/reducing agent, ion

emitter, and as a transparent conductive oxide in flat panel

displays, solar cells and transparent transistors [6–10].

Such a wide range of applications for C12A7 has led to an

increasing demand for the fabrication and characterisation

of high quality thin films. However, only a limited number

of reports are focused on thin film production and char-

acterisation. Two fabrication techniques, which have been

previously suggested for the preparation of C12A7 thin

films, include pulsed laser deposition [11–14] and sol–gel

spin coating method [15, 16]. The former technique is

relatively costly and requires a C12A7 target as the starting

material for the deposition of the film while obtaining a

continuous defect-free thin oxide film with a high critical

thickness using sol–gel technique is found to be quite

challenging. Therefore, sol–gel method is often chosen for

the production of C12A7 powder [17, 18]. The crystalli-

sation of C12A7 consisting of calcium oxide (CaO) and

aluminium oxide (Al2O3) in a ratio of 12:7 takes place at

1100 �C and values of 348 and 375 kJ/mol have been es-

timated from the Kissinger’s equation for the activation

energies of crystallisation of CaO and Al2O3 components,

respectively [19]. However, it has been recently reported

that the addition of ethyl acetoacetate (EAA) to the oxide

sol reduces the densification oxide gel significantly leading
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to the prolonged structural relaxation during heat treatment

[20].

Using EAA as a chelating agent with aluminium sec-

butoxide (ASB) in the spreading solution, we have suc-

cessfully deposited high quality 5–6 lm thick C12A7 thin

films on magnesium oxide (MgO) single crystal substrates

by spin coating method. Vibrational spectroscopic mea-

surements showed the formation of a single-phase C12A7

film when as-deposited film was annealed at 1300 �C and

the heat treatment duration had no significant effect on the

formation of calcium aluminate phases [21]. The present

article reports the optical absorption properties of sol–gel

derived C12A7 thin films and the effect of temperature on

optical parameters, such as band gap energy, Urbach en-

ergy and steepness parameter have been examined in terms

of relevant physical models. Extra framework ion species

are found to be responsible for the location of absorption

edge; the interpretation of the optical absorption behaviour

of C12A7 is one of the most beneficial methods in order to

have a good understanding of the electronic structure of the

material and evaluating the energy band diagram [22].

2 Experimental procedure

Thin films of C12A7 were fabricated using sol–gel tech-

nique. A solution was prepared using stoichiometric ratios

of aluminium sec-butoxide (ASB) and calcium nitrate te-

trahydrate as the main precursors of aluminium oxide and

calcium oxide respectively. In order to increase the ho-

mogeneity and continuity of the films, a modified solution

recipe containing ethyl acetoacetate (EAA) and ASB in the

molar ratio of 2:1 and isopropyl alcohol as solvent was

developed. Thin films were prepared via spin coating on

magnesium oxide (MgO) single crystal substrates and

subsequent isothermal annealing at 1300 �C was performed

for 2 h under air atmosphere in order to obtain a single-

phase crystalline structure. The details of the sample

preparation are given in our previous publication [21]. The

thickness of the films on MgO substrates were measured by

means of a Dektak 150 surface profiler.

The microstructural surface of the films after heat

treatment was examined using JEOL JSM-6300 field-e-

mission scanning electron microscope in order to confirm

the formation of continuous films with high surface quality.

The absorbance of the thin films was measured in a tem-

perature range of 25–300 �C to investigate the effect of

temperature on the optical absorption properties of the

films. A U-3010 UV–Vis spectrometer provided by Hitachi

and equipped with a hot chamber and a Mettler FP 80

central processor was used for this type of measurement.

The absorbance spectra of the samples were obtained for

temperature intervals of 10 �C in a wavelength range of

200–900 nm. The absorbance of MgO substrate was mea-

sured simultaneously and was set as the baseline value.

3 Results and discussion

Figure 1 shows the formation of a completely crystallised

microstructure with distinct grain boundaries. This indi-

cates that full transformation of intermediate phases into

the most stable thermodynamic phase has occurred via

nucleation and growth mechanism. In addition, the surface

of the annealed film is continuous and crack-free.

3.1 Room temperature absorption spectrum

The presence of two broad absorption peaks at 4.5 and

5.39 eV in the ultraviolet wavelength region is evident

from Fig. 2a displaying the absorbance of C12A7 films as a

function of incident photon energies ht between 1 and

6 eV. The first electronic transition in the range between

3.6 and 4.4 eV is believed to have occurred from the oc-

cupied electronic state of extra-framework O2- ions to the

cage conduction band while the second transition in the

range between 4.6 and 5.6 eV may be attributed to the

excitation from the occupied state of O2- to the framework

conduction band [23]. The plot of (aht)2 against ht in the

first regime above the threshold of absorption edge, shown

in Fig. 2b, is linear according to Tauc’s law in the form

[24]:

aðhtÞ / ðht� EgÞ1=2

ht
ð1Þ

where the values of the absorption coefficient a are de-

termined from Fig. 2a using Beer’s law. This square root

Fig. 1 SEM image of C12A7 thin film heat treated at 1300 �C for 2 h

in air atmosphere
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law dependence indicates an allowed direct type of tran-

sition. A value of 4.1 eV is determined for the optical band

gap Eg from the intercept on the ordinate extrapolated to

ht = 0. The absorption edge of C12A7 framework has

been reported to be *6.8 eV corresponding to the funda-

mental absorption of the material. However, the presence

of extra-framework species has a significant effect on the

absorption edge. The absorption edge is shifted to lower

energy values as a result of transition from an occupied

state of the species to the framework conduction band [25].

The transitions from the occupied states to the cage con-

duction band have much lower densities, and therefore, the

effect of these types of transitions on the absorption band

shift is negligible. The extra-framework O2- ions have the

most significant effect on the absorption edge shift among

all types of extra-framework species [26]. Using the Lor-

entz–Lorenz equation for electronic polarizability in the

modified form of n2 � 1
n2 þ 2

¼ 1 �
ffiffiffiffi

Eg

20

q

[27], the refractive

index for C12A7 film is estimated to be 1.86.

For the tail of absorbance for ht\ 4.1 eV the variation

of lna as a function of ht in Fig. 2c is found to be linear.

Therefore this dependence can be expressed as the Urbach

law in an exponential form [28]:

aðhtÞ ¼ ao exp
r ht� Eoð Þ

kBT

� �

ð2Þ

where ao, r and Eo are fitting parameters. Eo is the energy

of the lowest free exciton state at zero lattice temperature

while r corresponds to the steepness of the absorption

edge. T and kB are the absolute ambient temperature and

Boltzmann’s constant, respectively. A value of 0.19 eV is

obtained for the Urbach energy EU ¼ kT
r of the C12A7 thin

films at room temperature.

3.2 Effect of ambient temperature on optical

absorption

The plots of the absorption coefficient within the tail

regime as a function of photon energy on logarithm-linear

are shown in Fig. 3 for temperatures ranging from 25 to

300 �C. The extrapolations of the plots converge to a single

point with the coordinates, giving the values of

Eo = 4.23 eV and ao = 1.49103 cm-1.
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Fig. 2 a Room temperature absorbance spectrum of C12A7 thin film,

b Tauc and c Urbach plots

Fig. 3 Semi-logarithmic plots of the absorption coefficient as a

function of photon energy in the Urbach region for a temperatures

range between 25 and 300 �C
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Figure 4 shows the dependence of optical band gap Eg,

Urbach energy EU and steepness of the absorption edge r
on the ambient temperature T. A continual decrease of

optical band gap Eg with the increase in temperature was

observed while EU was found to be rising with temperature.

In both cases, the variation is nearly linear. Monotonic

increase in r with T, however, was found to nonlinear. The

interatomic spacing is expected to increase with the tem-

perature rise because the amplitude of atomic vibrations

becomes larger due to greater thermal energy. This in-

creased interspacing distance reduces the potential as seen

by electrons yielding a decrease in Eg. The dependence of

Eg on T in Fig. 4a may be expressed by the following

expression proposed by Varshni [29]:

Eg Tð Þ ¼ Eg 0ð Þ � aT2

T þ hD

ð3Þ

where Eg(0) is the energy gap at T = 0 K and hD is related

to the Debye temperature. The Varshni coefficients

a = 2.3910-4 eV K-1 and hD = 450 K were determined

from the least squares fit to the experimental data. A value

of Eg(0) = 4.12 eV was also estimated from the same

procedure.

Equation (3) works well at moderately high tem-

peratures. However, it predicts the T2 law dependence of

Eg at low temperatures and this is not in keeping with

experimental observation of temperature independence of

Eg over this regime. The type of behaviour in Fig. 4a is

attributed to the change in the relative positions of the

valence and conduction bands due to the dilation of the

lattice and the electron–phonon interactions being depen-

dent upon temperature [30]. These thermal effects can

better be described by an empirical Manoogian-Leclerc

equation in the form [31]:

Egð0Þ � EgðTÞ ¼ UTx þ VhD coth
hD

T
� 1

� �

ð4Þ

where Eg(0) is the energy gap at T = 0 K and the pa-

rameters x, U and V are constants and independent of

temperature. The Debye temperature hD corresponds to the

mean frequency of the entire phonon spectrum. Values of

4.13 eV, 1.05, 2.7910-5 eV K-1.05 and 7.1910-5 eV K-1

for the parameters Eg(0), x, U and V are estimated from the

best numerical fitting of Eq. (4) to experimental data by

using the least squares of standard deviation technique. The

inclusion of the Bose–Einstein oscillators in Eq. (4) has

also been suggested as the first order approximation to

describe the lattice vibration [32].

Eg Tð Þ ¼ Eg 0ð Þ � 2aB

exp HE

T

� �

� 1
ð5Þ

where aB is a measure of the electron–phonon interaction

coupling. HE, which is known as Einstein temperature, is

the average temperature of the interacting phonons repre-

senting the Einstein model for solids. The least square fit of

Eq. (5) to experimental data produced the values of

Eg(0) = 4.12 eV and aB = 3.5 9 10-2 eV giving good

agreement between the model and experiment as shown in

Fig. 4a.

As shown in Fig. 4b, the Urbach energy EU is a linearly

increasing function of temperature. Both the structural

disorder of the material and phonon energy define the

Urbach tail. The value of Urbach energy may thus be de-

pendent upon different chemical methods of preparation of

the material [33]. The thermal and structural disorders are

additive and the Urbach energy can be expressed as the

4.04

4.05

4.06

4.07

4.08

4.09

4.1

250 300 350 400 450 500 550 600

Temperature, K

E
g,

 e
V

Experimental data

Fitted to Equation 3

Fitted to Equation 4

Fitted to Equation 5

(a)

(b)

(c)

Experimental data

Fitted to Equation 6

Experimental data

Fig. 4 Temperature dependence of (a) band gap energy Eg, b Urbach

energy EU and c steepness parameter r
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sum of two terms in the following form suggested by Cody

et al. [34]:

EU X;Tð Þ ¼ kBHE

ro

X þ 1

2
þ 1

exp HE=Tð Þ � 1

� �

ð6Þ

where kB is the Boltzmann constant, HE is the Einstein

Temperature, ro is an Urbach parameter depending on the

ionicity of the material and X ¼ Uxh i
U0h i is a measure of the

degree of the structural disorder of the material normalised

to zero-point uncertainty in the atomic position U0h i.
Uxh i is the structural and topological disorder to the mean

square deviation of atomic positions from perfectly

ordered configurations. These disorders may be caused by

intrinsic defects such as vacancies or dislocation, or ex-

trinsic factors such as radiation and/or doping.

The Debye temperature, hD, was estimated to be

471.5 K for C12A7 film using the relation hD ¼ 6
p

	 
1
3HE.

The fitted line of the formula (6) is best described with the

phonon energy of 32 meV which is equivalent to the Ra-

man band of 258 cm-1 [35]. This Raman band is associ-

ated with the vibration modes of the framework Ca2? ions

and has been reported to be responsible for the occurrence

of Urbach tail in C12A7 [36].

The temperature dependence of the steepness parameter

can also be expressed by the following relation [37]:

r ¼ 2rokBT

hto

tanh
hto

2kBT

� �

ð7Þ

where hto is the phonon energy interacting with the optical

transitions. The value of constant ro indicates the strength

of the exciton-phonon interaction g ¼ 2
3
r�1

o . Using Tay-

lor’s series approximation, Eq. (7) is fitted to experimental

data in Fig. 4c. The values of the slopes of the straight lines

in Fig. 3 on the semi-logarithmic absorption coefficient

scales were used to obtain these data. The fitting pa-

rameters were found to be r = 0.23, ht = 0.079 eV and

g = 2.9. The value of g[ 1 predicts the existence of self-

trapped excitons in the exciton-phonon coupling [38].

If Eg(X, T) and EU(X, T) are the band gap energy and

the Urbach energy of the material with finite degree of

structural disorder at a fixed temperature, the relation be-

tween them may be written in an empirical form [39]:

Eg X;Tð Þ ¼ Eg 0; 0ð Þ � hU2ioD
EU X;Tð Þ
EU 0; 0ð Þ � 1

� �

ð8Þ

The linear relationship between the band gap energy and

the Urbach energy in Fig. 5 for a temperature range of 25–

300 �C is in keeping with the law in Eq. (8). Values of

4.2 eV and 65.5 meV are obtained for the band gap energy

Eg (0, 0) and the Urbach energy EU(0, 0) of a defect-free

crystal at 0 K, respectively from the least squares fitting of

Eq. (8) to experimental data. D is the second-order defor-

mation potential that determines the effect of temperature

on the band gap energy and the product hU2ioD is found to

be 36.5 meV.

4 Conclusions

Values of parameters of the models which have been used

to interpret experimental data have been summarised in

Table 1. An optimised sol–gel process was used in order to

4.045
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Fig. 5 Relationship between the band gap energy (Eg) and Urbach

energy (EU) obtained at different temperatures

Table 1 Values of parameters

of the model obtained from the

least squares fitting procedure

Parameter Fitted value Equation no. Parameter Fitted value Equation no.

Eg (0) (eV) 4.122 (3) hto (meV) 79 (7)

4.127 (4) ro 0.25 (6)

4.122 (5) 0.23 (7)

U (ev K-1.05) 2.7 9 10-5 (4) X 0.94 (6)

x 1.05 (4) HE (K) 380 (6)

V (eV K-1) 7.1 9 10-5 (4) g 2.9 (7)

a (eV K-1) 2.3 9 10-4 (3 Eg (0,0) (eV) 4.2 (8)

HD (K) 450 (3) EU (0,0) (meV) 65.5 (8)

471.5 (6) U2
� �

0
D (meV) 36.5 (8)

aB (meV) 35 (5)
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produce homogeneous thin films of 12CaO�7Al2O3 com-

plex oxide with high critical thickness (*5–6 mm). The

agreement between values of experimentally observed

bandgap and its calculated defect-free sample is satisfac-

torily close. The optical characterisation of C12A7 films

showed a reduction in the band gap energy Eg from

4.088 eV at room temperature to 4.051 eV at 300 �C,

while the Urbach energy EU increased from 0.191 eV at

25 �C to 0.257 eV at 300 �C. A linear relationship was

observed between the optical band gap energy and the

Urbach energy at different temperatures.
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