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High-quality nanocrystalline BiGaO3 (BGO) films have been prepared by a modified sol-gel

method. X-ray diffraction analysis shows that the films are polycrystalline and exhibit an

orthorhombic structure. The dispersion functions near infrared-ultraviolet region were extracted by

fitting spectroscopic ellipsometry with the Tauc-Lorentz model. Moreover, first-principle

calculations on dielectric functions and band gap were carried out, which are in good agreement

with the experimental results. It was found that BGO belongs to an indirect band gap oxide with

the fundamental gap of about 2.17 eV, which is suitable for ferroelectric based photovoltaic

devices.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867006]

I. INTRODUCTION

Bi-containing perovskites and perovskite-related materi-

als such as BiAlO3, BiGaO3 (BGO), BiInO3, Bi4Ti3O12,

BiFeO3, and BiMnO3 have received a lot of attention as

lead-free ferroelectrics, ferromagnetic, and photovoltaic

materials.1–5 As promising oxides, BiAlO3 and BiGaO3 are

predicted that they should be high performance piezoelec-

trics and ferroelectrics with large spontaneous polarization

from the hypothetical perovskite structure.6 Experimentally,

bulk perovskite-like BiAlO3 and pyroxene-like BiGaO3 have

been synthesized using a high-pressure and high-temperature

technique and their structure parameters were refined.7

Recently, BiAlO3 thin films on SrRuO3/(100)LaAlO3 sub-

strates with a pseudotetragonal symmetry have been depos-

ited by pulsed laser deposition. It was reported that the

BiAlO3 film showed a good ferroelectric property with a re-

manent polarization of about 29 lC/cm2.8 Unfortunately, the

synthesis and physicochemical properties of BiGaO3 films

have not been reported.

In the last decade, pure and element-doped bulk BGO

have been investigated by theoretical and experimental meth-

ods. Theoretically, Baettig et al. predicted that BGO has a

polarization of about 152lC/cm2 along the [100] direction and

a e33 piezoelectric constant of about �165.46 1.2lC/cm2

(change in polarization along [100] when the strain is applied

along [100]).6 Wang et al. performed the density functional

theory (DFT) with the generalized gradient approximation to

investigate the crystal structure, electronic properties, zone-

center phonon modes, dielectric properties, structural instabil-

ity, and its driving force of BGO. It was found that it is a semi-

conductor with an indirect band gap of about 1.34 eV (M ! X
point).9 Moreover, Li et al. have confirmed that BGO belongs

to the orthorhombic structure (Space group Pcca) rather than

the cubic phase and presents a direct band gap of about

2.03 eV at X point.10 It should be emphasized that the band gap

is smaller than that (2.6 eV) of BiFeO3, which can generate

large photovoltages up to 15V.2 Experimentally, pyroxene-

like BGO was synthesized using a high-pressure and high-

temperature technique at 6GPa and 1473K. Its crystal

structure was refined by neutron powder diffraction data in

centrosymmetric space group Pcca.7 Its high-pressure phase

transitions were investigated by analyzing Raman active mod-

els, such as Ag, B1g, B2g, and B3g.
11 Moreover, solid solutions

of BiGaxM1�xO3 (M¼Cr, Mn, and Fe) were also prepared

using a high pressure and temperature method and their struc-

tural phase transitions were characterized by X-ray powder

diffraction.3 Recently, it is reported that the BiFe0.9Ga0.1O3

films on LaNiO3/glass substrates prepared by a chemical-

solution deposition exhibit a huge ferroelectric polarization of

230lC/cm2 at room temperature since the coexistence of R3c
and Cm phases, which induces the lattice instability and

changes the switching paths of polarization.12 However, few

reports on optical properties of pure and element-substituted

BiGaO3 films have been presented, which is an important as-

pect as a potential photovoltaic material.

In this work, we report that BGO films with an ortho-

rhombic structure can be simply prepared using a modified

sol-gel method at air pressure. Its dielectric functions have

been extracted by fitting the measured ellipsometric spectra

with a five phase layered (air/surface rough layer (SRL)/

BGO/LNO/Si) model and the Tauc-Lorentz (TL) dispersion

model in the photon energy range of 0.5-4.0 eV. The Tauc

behavior analysis of BGO films indicates that it is an indirect

band gap semiconductor (Eind
g;Tauc � 2:17 eV), which is in

good agreement with the theoretical predictions.

II. EXPERIMENTAL DETAILS

The BGO films on (100)LNO/Si substrates were fabri-

cated by a modified sol-gel method. Analytically pure
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bismuth nitrate [BiðNO3Þ3 � 5H2O, 99.0%] and Gallium(III)

nitrate hydrate [GaðNO3Þ3 � 6H2O, 99.9%] were dissolved in

heated glacial acetic acid (CH3COOH, 99.5%) with magnetic

stirring until the 0.1M (Bi and Ga)-precursor solution was

stable and homogeneous. Note that an appropriate amount of

acetylacetone (C5H8O2, 99.0%) was added into the solution

as a chelating agent and excess 6mol% Bi source was added

for compensating the Bi evaporation during the annealing

process. The precursor solutions were stabilized for about

30 days to enhance the hydrolysis and polymerization.

Before the deposition of the BGO films, pseudocubic (100)

LNO films on silicon substrates were prepared by magnetron

radio frequency (13.6 MHz) sputtering at the argon gas pres-

sure of 2 Pa and in situ annealed at 265 �C. The experimen-

tal details can be found elsewhere.13 Then, the BGO films

were deposited by spin coating the (Bi and Ga)-precursor so-

lution onto the (100)LNO substrates at a speed of 4000 rpm

for 20 s. Each layer of the films was dried in ambient air by a

rapid thermal annealing procedure. The deposition and

annealing-treatment procedures were repeated eight times to

obtain the desired thickness. The crystalline structure of

BGO films was investigated by X-ray diffraction (XRD)

using a Ni filtered Cu Ka radiation source (D/MAX-2550V,

Rigaku Co.). The surface morphology of the films was exam-

ined by atomic force microscopy (AFM; Digital Instruments

Dimension Icon, Bruker). The scale height and measured

area are 30 nm and 5� 5 lm2, respectively. The thickness

was examined by field emission scanning electron micros-

copy (FESEM; Philips XL30FEG). The ellipsometric meas-

urements were carried out by a near-infrared-ultraviolet

(NIR-UV) spectroscopic ellipsometry (SE) in the wavelength

range of 310-2500 nm (0.5–4.0 eV) with a spectral resolution

of 2 nm (V-VASE by J. A. Woollam Co., Inc.). Computations

were performed at the ECNU computing center.

III. RESULTS AND DISCUSSION

Figure 1 illustrates that the LNO films are pseudocubic

perovskite crystal structure with the (100) preferred orienta-

tion and the lattice constant a (b or c) is about 3.87 Å, which
is slightly larger than that of powder material (3.84 Å)

according to the JCPDS card (No. 33-0710). The inset of

Figure 1 shows the orthorhombic crystal structure of BGO

and its unit cell includes four formulas (Bi4Ga4O12). In the

case of BGO films, there are (112), (011), (224) and some

other weaker diffraction peaks, which confirms that the film

is polycrystalline and has the orthorhombic structure. Based

on the (112), (011), and (224) diffraction peaks, the lattice

constants a, b, and c can be estimated to be 5.626, 5.081, and

10.339 Å, respectively. Moreover, the average grain size of

the BGO film is estimated to be about 22 nm from the (112)

diffraction peak according to the well-known Scherrer equa-

tion.14 The three-dimensional AFM images of BGO films

suggest that the surface morphology is smooth with the root-

mean-square roughness of about 4.5 nm [Figure 2(a)]. The

cross-section SEM of the BGO/LNO films on Si substrates

shows that the interface of the BGO and LNO films is dis-

tinct because the two films have different textures as

shown in Figure 2(b). The thicknesses of BGO and LNO

films were estimated to be about 1026 10 and 1126 10 nm,

respectively.

The experimental W(E) and D(E) spectra recorded at

room temperature for the BGO films on LNO/Si substrates

are shown by the dotted lines in Figures 2(c) and 2(d),

respectively. The incident angle was selected to 70� for the

BGO/LNO films corresponding to the experimental optimi-

zation near the Brewster angle of silicon. In order to extract

optical band gap, dielectric functions, and other physical pa-

rameters of BGO films, the ellipsometric spectra measured at

room temperature were fitted by a five-layer structure (air/

surface rough layer/BGO/LNO/Si). Specifically, the

Brüggeman effective medium approximation was employed

to calculate the effective dielectric functions ~eef f ðEÞ of the

SRL, which is described by the assumption 50% void

component ~evðEÞ and 50% BGO film component ~ef ðEÞ
in the present case (i.e., 0 ¼ 50% � ~evðEÞ�~eef f ðEÞ

~evðEÞ�2~eef f ðEÞ þ 50%

� ~e f ðEÞ�~eef f ðEÞ
~e f ðEÞ�2~eef f ðEÞ).

15,16 Moreover, the TL model is an effective

FIG. 1. X-ray diffraction patterns of the (100)LNO and BGO/(100)LNO

films on Si substrates. The inset shows the orthorhombic crystal structure of

BiGaO3. The Bi, Ga, and O atoms are denoted by the spheres with different

sizes and colors. Not that the symbol “^” indicates the diffraction peak of

Si substrates.

FIG. 2. (a) Three-dimensional atomic force microscopy images and (b) cross-

sectional scanning electron microscopy images of BGO/LNO films on Si sub-

strates. The near infrared-ultraviolet experimental (dotted lines) and best-fitted

(solid lines) ellipsometric spectra (c)W and (d) D of BGO/LNO films.
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model to express the dielectric functions of the BGO films at

the photon energies below and above fundamental band

gap.17,18 Accurately, the imaginary part of the dielectric

functions ei(E) in the TL model can be written as:

eiðEÞ ¼ A0EnCðE� EgÞ2=½EðE2 � E2
nÞ2 þ C2E3�, (E�Eg)

and ei(E)¼ 0, (E<Eg), where A0, En, C, and Eg are the tran-

sition matrix element, peak transition energy, broadening

term, and Tauc gap energy, respectively. Correspondingly,

the real part er(E) can be derived by the Kramers-Krönig

transformation: erðEÞ ¼ 1þ 2p�1P
Ð1
Eg

neiðnÞ=ðn2 � E2Þdn.
As a kind of metal oxide, the dielectric functions of LNO

films can be characterized very well by the Drude-Lorentz

dispersion model, which can be written as:19,20 ~eðEÞ
¼ e1 � AD=ðE2 þ iEBDÞ þ R3

j¼1Aj=ðE2
j � E2 � iCjEÞ. Here,

e1 is the high-frequency dielectric constant, AD is the square

of plasma frequency, and BD is the electron collision or

damping frequency. Aj, Cj, Ej, and E are the amplitude,

broadening center, energy of the jth oscillator, and incident

photon energy, respectively. Finally, the optical constants of

the Si substrate in the fitting process can be directly taken

from Ref. 21. The Levenberg-Marquardt algorithm was used

in the linear least-squares curve fitting. A root mean-square

fractional error function has been used to judge the fitting

quality between the experimental and modeled data.22 The

best-fitted ellipsometric spectra W(E) and D(E) of BGO/LNO
films on silicon substrates are shown by the solid lines in

Figures 2(c) and 2(d), respectively. The fitted values of the

thicknesses for SRL (2.86 0.4 nm), BGO (91.76 0.9 nm),

and LNO (101.56 0.9 nm) films are consistent with those

derived from the AFM and SEM pictures. The best-fit parame-

ter values in the dispersion functions of the BGO/LNO films

were listed in Table I. It should be pointed out that the Tauc

gap energy of BGO films is about 2.646 0.01 eV.

Ab initio DFT calculations based on the projector aug-

mented wave method (PAW) are conducted by using the

Vienna ab initio Simulation Package (VASP).23,24 Local den-

sity approximation (LDA) for exchange and correlation is

employed along with a standard plane-wave basis set with a

kinetic-energy cutoff of 500 eV. These calculations are per-

formed by using the 8� 8� 4 Monkhorst-Pack k-point mesh,25

and the convergence criterion for the electronic energy is

10–5 eV. The orthorhombic crystal structure with the space

group Pcca (inset of Figure 1) is adopted. Comparing with ex-

perimental values, the calculated lattice constants (a¼ 5.369,

b¼ 5.148, and c¼ 9.745 Å) are underestimated, but it is not

atypical consequence of the LDA. The results of optical calcu-

lation are based on the independent-particle approximation

using our own code OPTICPACK.26 We can write the inter-

band optical conductivity tensor as: rðxÞ ¼ 2p=xX
P

k WkP
c;v jhcje � pjvij2dðEc � Ev � xÞ, where X is the cell volume,

x is the photon energy, e is the polarization direction of the

photon, and p is the electron momentum operator. The integral

over the k-space has been replaced by a summation over special

k-points with corresponding weighting factors Wk. The second

summation includes the valence-band states (v) and

conduction-band states (c), and E is the corresponding band

energy. The imaginary part of the complex dielectric function

(ei) is then evaluated from the optical conductivity. The real

part of the dielectric function (er) is obtained by the Kramers-

Krönig relation.

The band structure and density of states (DOS) of ortho-

rhombic BGO are shown in Figure 3. Specifically, the energy

bands at around �10 eV derived from the Bi 6s states. The
energy bands between �8 and �6 eV are mainly composed

of Ga 4s states. The BGO appears to have some covalent fea-

ture since O 2p states have some admixture with Bi 6p and

Ga 4p states within the energy window from �6 to �2 eV.

More importantly, the top of valence bands (VBs) and bot-

tom of conduction bands (CBs) consist of O 2p and Bi 6p
states, respectively, and the result is consistent with previous

work.10 It is found that BGO is an indirect band gap material

of about 1.95 eV from the top of valence bands located

between the C and Y points to the bottom of conduction

bands located at the X point, while its direct transition hap-

pens at the X point of about 2.01 eV. It should be emphasized

TABLE I. The dielectric function parameters for the BGO and LNO films

determined from the simulation of ellipsometric spectra in Figure 1. The

90% reliability of the fitting parameters is given in parentheses.

BGO

e11 A0 (eV) Eg (eV) En (eV) C (eV) –

4.09 69 2.64 3.89 1.47 –

(0.02) (2) (0.01) (0.02) (0.05) –

LNO

e12 AD (eV) BD (eV) A1 (eV
2) C1 (eV) E1 (eV)

2.59 5.41 1.37 1.43 1.23 1.19

(0.11) (0.02) (0.08) (0.11) (0.05) (0.01)

A2 (eV
2) C2 (eV) E2 (eV) A3 (eV

2) C3 (eV) E3 (eV)

0.27 0.95 2.22 0.76 1.92 3.08

(0.07) (0.12) (0.02) (0.08) (0.27) (0.05)

FIG. 3. Calculated band structure and DOS of orthorhombic BiGaO3. The

solid and dashed arrows indicate the direct and indirect electron transitions,

respectively.
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that the band gap predicted by DFT is less than the experi-

mental value of about 2.64 eV derived from the TL model. It

means that our experimental result overestimates its real

band gap. Accurately, the real band gap is below the Tauc

gap energy due to Urbach tails, which are not included in the

TL dispersion model.

As a potential photovoltaic material, the optical conduc-

tivity of BGO films was illustrated in Figure 4(a). It suggests

that the real part of optical conductivity values are similar to

that of ferroelectric Bi4Ti3O12, whose band gap is quite large

(3–4 eV) for photovoltaic devices.27 Based on the relation-

ship between optical conductivity and dielectric functions,

the real er(E) and imaginary ei(E) parts of the dielectric func-
tions (solid lines) in a wider photon energy range were calcu-

lated. The experimental dielectric functions (dotted lines)

deduced by fitting the spectroscopic ellipsometry of BGO

film are in agreement with the theoretical results, which are

shown in Figure 4(b). Generally, BGO material is transparent

in the lower photon energy region below 2 eV, where the

value of ei(E) is very small and even zero. The calculated

static refractive index n(0) ½~nðEÞ ¼ ffiffiffiffiffiffiffiffiffiffiffi
~er ðEÞ

p � is about 2.34.

With increasing the photon energy, the er increases and

approaches the maximum of about 8.8 at around 3.5 eV, then

decreases because of the well-known Van Hove singular-

ities.28 In the absorption region above the optical band gap,

the peaks of the ei(E) spectrum at around 4.37, 5.23, 6.68,

and 7.93 eV correspond to the electron transitions from the O

2p states in VB to the Bi 6p ones in CB. Furthermore, the

higher energy absorptions are mainly the electron transitions

from O 2p to Ga 4s states. It should be emphasized that there

exists a deviation between experimental and theoretical ei(E)
at the absorption edge because the TL model does not

include Urbach tails U(E, T), which is a function of

temperature.29 In addition, the indirect band gap of BGO is

also estimated by using the traditional Tauc relation:

ðaEÞn ¼ AðE� Eg;TaucÞ, where a is absorption coefficient, A

is the edge width parameter representing film quality, E is

the photon energy, Eg,Tauc is the optical band gap, and the

exponent n is a characteristic of type in optical transition

process (n¼ 2 for direct transition and n¼ 1/2 for indirect

one).30 For the case of indirected band gap BGO, experimen-

tal and theoretical (aE)1=2 versus photon energy E were plot-

ted as shown in Figures 4(c) and 4(d), respectively. The

value of the indirect band gap Eind
g;Tauc of about 2.17 eV was

determined from the intercept of the extrapolation to zero

absorption with the photon energy axis. By combining exper-

imental and theoretical data, the Urbach bandtail energy

(EU) at room temperature is obtained of about 0.5 eV, which

may originate from defects in the lattice and short-time

localization of exciton mode coupling to lattice distortion.29

IV. CONCLUSIONS

In summary, high quality BGO films on LNO/Si

substrates have been prepared by a modified sol-gel method.

X-ray diffraction analysis shows that the films are polycrys-

talline and exhibit orthorhombic structure with the lattice

constants a¼ 5.626, b¼ 5.081, and c¼ 10.339 Å. The dielec-

tric functions in the NIR-UV region for BGO films were

extracted by fitting spectroscopic ellipsometry with the

Tauc-Lorentz model. Finally, it was found that the BGO

films can be used in photovoltaic devices since its band gap

is about 2.17 eV. The Urbach bandtail energy (EU) at room

temperature is about 0.5 eV, which originates from defects in

the lattice and short-time localization of exciton mode cou-

pling to lattice distortion.
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