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Investigation of the optical properties of a BiFeO3/SrTiO3 heterostructure

grown on an Al2O3(0001) substrate by RF cathode sputtering
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The phase composition, structure, and optical properties of the BiFeO3/SrTiO3/Al2O3 (c-cut) heterostructure

have been studied using XRD analysis, spectrophotometry, and multi-angle ellipsometry. BFO/STO/Al2O3

heterostructures have been obtained by high-frequency cathode sputtering in an oxygen atmosphere using the

intermittent deposition technology. It was found that the BiFeO3 and SrTiO3 layers grew with an orientation

in the direction of the [111] crystallographic axis parallel to the normal to the Al2O3 substrate. It has been

shown that the damaged layer on the surface of the heterostructure does not exceed 2−3 nm, and no signs of

the presence of boundary layers at the Al2O3−SrTiO3 and SrTiO3−BiFeO3 interfaces have been identified. The

dispersion dependences of the refractive indices of BFO and STO layers are calculated. The reasons for the revealed

regularities are discussed.
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Introduction

Bismuth ferrite BiFeO3 (BFO) is a multiferroic material

that exhibits both magnetic and ferroelectric properties.

Specifically, temperature TC of the ferroelectric phase

transition is 1103K, and TN = 643K [1] corresponds to

the antiferromagnetic phase transition. These high TC and

TN values made BFO one of the most thoroughly studied

multiferroic materials [1,2] with potential applications in

multi-purpose environmentally friendly electronic devices

with low power consumption [3]. It is known that

thin BiFeO3 film feature strong ferroelectric polarization

(Pr ∼ 100µC/cm2) that exceeds the corresponding values

for single-crystal samples [4]. The application potential of

BFO-based nanostructures spurred the interest in exami-

nation of their properties and methods of fabrication [5].
The structure of BFO films is closely related to their

epitaxial deformation in the process of growth on various

substrates. The majority of studies focused on BFO films

are performed on strontium titanate SrTiO3 (001) (STO)
substrates. A film is subjected to compressive stress on

such substrates, and the tetragonal phase is established

as a result. The BFO film thickness plays a crucial

role: when it increases, elastic stress is relieved owing

to the formation of a more stable R-like BFO phase,

which is typical of large thicknesses. Ultrathin BFO films

grown on (001) SrTiO3 substrates with a SrRuO3 buffer

layer revealed the signs of transition to the tetragonal

symmetry [6]. It was noted in [7] that BFO films

grown on (001) SrTiO3 substrates may feature a tetragonal

structure with a giant c/a ratio, which is attributable to the

emergence of a Bi2O3 layer forming between a film and a

substrate. In general, the research data on dependences

of the properties of BFO films on their thickness and

the material of substrates and buffer layers still remain

incomplete.

A detailed analysis of the surface morphology and

the structural parameters of thin BFO films is necessary

for their practical application. Specifically, the optical

characteristics of BFO films are important for the devel-

opment of optoelectronic devices, since their electrooptic,

magnetooptic, and thermooptic properties may be adjusted

by modulating the refraction index [8]. Without question,

further studies of thin BFO films both on crystalline

strontium titanate substrates and with this material used

as a buffer layer are theoretically and practically relevant.

In the present study, we report the results of examination

of the structure, the phase composition, and the opti-

cal properties of the BFO/STO/Al2O3 (0001) heterostruc-

ture.
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Methods of fabrication and examination of
samples

Gas-discharge RF sputtering of BFO and STO films onto

an Al2O3 substrate prepared in advance for heteroepi-

taxial deposition (C-plane; the substrate had a thickness

of 0.43mm and was fabricated by
”
MONOCRYSTAL“in

Stavropol) was performed using a Plazma 50-SE setup.

The phase composition, the structural perfection of films,

and the lattice cell parameters were determined by X-

ray diffraction using a
”
RIKOR“ multi-function X-ray unit

(CuKα radiation).
The optical properties of films were examined by spec-

trophotometry and ellipsometry. The transmission spectrum

was measured at room temperature in the 450−900 nm

wavelength range with a Shimadzu UV-2450 spectropho-

tometer (the short-wavelength limit was established by

the fundamental absorption in the Al2O3 substrate). El-

lipsometric measurements were performed using a multi-

angle reflective null ellipsometer at the helium–neon laser

wavelength (632.8 nm). Ellipsometric angles 9 and 1,

which specify the variation of parameters of the polarization

ellipse in reflection of elliptically polarized light off the

surface of a solid [9–11], were calculated based on the

measured azimuths of the polarizer in the input ellipsometer

arm and the analyzer in the output arm.

Experimental results and discussion

Only the reflections from planes (111) of BFO and STO

layers were present in the θ−2θ XRD patterns (Fig. 1).
This is indicative of the lack of impurity phases and the fact

that BFO and STO layers grow with a preferred orientation

along the [111] crystallographic axis, which is parallel to the

normal to the substrate (axis [006] of the Al2O3 substrate).
The lattice cell parameters of BFO (c = 0.3989 nm) and

STO (c = 0.3955 nm) were determined based on the (111)
reflections maxima.

Figure 2 presents the optical transmission spectrum of the

BFO/STO/Al2O3 structure. Low values of the transmission

coefficient of this transparent heterostructure are attributable

to dull finishing of the free substrate surface. Since the

interference extrema are not related to the transmission

coefficient value, a model of the substrate as an infinite

medium was used in analysis [9]. The geometry of the

system (Fig. 3) is as follows: 1 — air, 2 — BiFeO3 film

with thickness d2 and refraction index n2, 3 — SrTiO3

layer with thickness d3 ≪ d2 and refraction index n3, 4 —
substrate material with refraction index n4. The transmission

coefficient of the system with an exact geometry may be

presented as

T =
T0

1− A cos δ2 + B cos δ3 −C cos(δ2 + δ3)
, (1)

where T0 = n4(t12t23t34)2, A = |r12r23|, B = |r23r34)|,
C = |r12r34| (tik and r ik — are the corresponding amplitude
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Figure 1. θ−2θ-XRD pattern of heterostructure BFO/STO/Al2O3 .
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Figure 2. Transmission spectrum of heterostructure

BFO/STO/Al2O3 .

Fresnel transmission and reflection coefficients); only the

terms of the order of smallness no higher than 2 were

retained in the denominator of (1). The phase incursions

in layers are

δ2 =
4π

λ
n2d2, δ3 =

4π

λ
n3d3, (2)

where δ3 ≪ δ2. Since function | cos δ3| increases mono-

tonically with wavelength, the interference extrema in the

transparency region of the film are related to the first and

the third terms of the function:

F(λ) = −A cos δ2 + B cos δ3 −C cos(δ2 + δ3), (3)

where δ2 = δ
(0)
2 + 2πm (m — is the interference order).

In addition to interference extrema, an optical transmis-

sion maximum may be observed in the transparency region

at cos δ3 < 0 and under the condition

A cos δ
(0)
2 + C cos

(

δ
(0)
2 + δ3

)

= 0. (4)

Optics and Spectroscopy, 2022, Vol. 130, No. 7



Investigation of the optical properties of a BiFeO3/SrTiO3... 853

n d2 2,

n d3 3,

n4

n1 = 1 1

2

3

4

Figure 3. Optical model of heterostructure BFO/STO/Al2O3.

This condition, in turn, may be satisfied at certain ratios of

coefficients A and C (between refraction indices n2, n3, n4)

if δ
(0)
2 lies in the third quadrant and

(

δ
(0)
2 + δ3

)

lies in the

fourth quadrant (or δ
(0)
2 and

(

δ
(0)
2 + δ3

)

lie in the first and

the second quadrants, respectively). The solving of Eq. (4)

with two unknown quantities δ
(0)
2 and

(

δ
(0)
2 + δ3

)

then

comes down to plotting a nomogram at the corresponding

wavelength in these variables with subsequent selection of a

pair of solutions satisfying the specified conditions. The

results of analysis of the transmission spectrum features

(Fig. 2) suggested that condition (4) is satisfied in the

transparency region and the short-wave maximum of a

modest height is attributable to term B cos δ3 in (1)−(3),
which corresponds to the buffer layer with 0.5π < δ3 < π.

Tabulated values of refraction indices of layer and

substrate materials were used to estimate the thickness of

the BFO film and the buffer STO layer. The order of

interference in the heterostructure was determined based

on the nature of variation of equivalent phase thickness

(nd)eCV = n2d2 + n3d3 with increasing wavelength: it was

found that m = 2 corresponds to the long-wave maximum

at λ = 712 nm. The thickness of the buffer STO layer

(d3 ∼ 35 nm) and, consequently, the BFO film thickness

(d2 ∼ 326 nm) were estimated using the above-mentioned

method based on the maximum transmission at wavelength

λ = 556 nm.

Revised values of layer thicknesses and refraction indices

were derived from ellipsometric measurement data [9,10].
The measurement results were processed with optimization

methods [9–11] with an error below 1%.

Figure 4 presents the experimental (points) and calculated

(curves) dependences of ellipsometric angles 9 and 1

on incidence angle ϕ of probing radiation. The end

results of ellipsometry are n2 = 3, d2 = 324 nm, n3 = 2.4,

d3 = 37 nm, and n4 = 1.728. These results suggest that

boundary layers at Al2O3−SrTiO3 and SrTiO3−BiFeO3

interfaces are lacking, and the thickness of the damaged

layer on the free structure surface does not exceed 2−3 nm.

The latter fact is indicative of a fairly high film quality.
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Figure 4. Calculated (solid curves) and experimental (points)
dependences of ellipsometric angles 9 and 1 on the incidence

angle for heterostructure BFO/STO/Al2O3 .
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Figure 5. Spectral dependences of the refraction index of BFO

and STO layers in heterostructure BFO/STO/Al2O3. Curves 1

and 2 represent n(λ) for BFO and STO single crystals.

Dispersion characteristic of the refraction indices of BFO and STO

derived from spectrophotometry and multi-angle ellipsometry data

λ, nm 556 588 632.8 712 864

BiFeO3

n 3.109 3.038 3.00 2.886 2.83

SrTiO3

n 2.49 2.52 2.40 2.34 2.38

The spectrometry and ellipsometry data were used to

determine the dispersion characteristic of the refraction

indices of the BFO film and the buffer STO layer (see the

table and Fig. 5). It can be seen that the refraction indices
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of the BFO film derived from spectrometry and multi-angle

ellipsometry data (λ = 632.8 nm) agree fairly well with the

corresponding values for the bulk material. At the same

time, a considerable scatter of the refraction index values

for the buffer STO layer is evident. The smallness of the

number of experimental spectrophotometry points may be

a contributing factor here, but the results of a preliminary

spectral ellipsometry analysis of the optical properties of

this heterostructure in the 550−900 nm range (
”
ELLIPS-

1991“ellipsometer) suggest that the obtained results are

correct.

Conclusions

1. The method of gas-discharge RF cathode

sputtering in oxygen atmosphere was used to fabricate

BFO(111)/STO(111)/Al2O3(0001) heterostructures

with lattice cell parameters cBFO = 0.3989 nm,

cSTO = 0.3955 nm. No impurity phases were revealed

by X-ray diffraction analysis and optical examination.

2. Extrema of the optical transmission spectrum of the

BFO/STO heterostructure were examined by spectropho-

tometry. It was found that a short-wave maximum of a

moderate height is attributable to the buffer STO layer; the

thickness of STO and BFO layers was estimated.

3. Multi-angle ellipsometry at the wavelength of a

helium–neon laser (632.8 nm) made it possible to deter-

mine accurately the thicknesses of layers (dBFO = 324 nm,

dSTO = 37 nm) and their refraction indices (nBFO = 3.0,

nSTO = 2.4). Boundary Al2O3−SrTiO3, SrTiO3−BiFeO3

layers were not found. The thickness of the damaged layer

on the heterostructure surface does not exceed 2−3 nm.

4. Accurate values of the layer thickness derived from

ellipsometry data provided an opportunity to determine the

dispersion characteristics of refraction indices of BFO and

STO layers.
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