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Fe-3% doped BaSnO3 thin films of good crystalline quality with lattice constant a¼ 4.053 Å were

grown on (2 0 0) n-type Si substrates by pulsed laser deposition. Micro Raman spectra of the thin

films showed the presence of strain-induced Raman modes with reference to that of the bulk

polycrystalline Fe-3% doped BaSnO3. The films exhibited dielectric resonance in the frequency

range 20 – 60 MHz and it is explained qualitatively based on the phenomenon of electromechanical

piezoelectric resonance. The measured values of the resonant frequency and the surface resistivity

showed a strong dependence on the thickness and the crystalline-character of the thin films.

Magnetic measurements were performed selectively for the two films having (2 0 0) preferred

orientation. It was found that both of them possess ferromagnetic ordering at 300 K and 1.8 K. At

300 K, the inherent diamagnetism of the undoped BaSnO3 was found to be dominating for higher

applied magnetic field.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698301]

I. INTRODUCTION

The influence of lattice-strain on the physical properties

of thin films due to the difference in the lattice constants of

the substrate and the deposited materials has always been

an interesting one. Of them, the piezoelectric and ferroelec-

tric properties are famous. For example, SrTiO3 thin films

were found, using Raman spectra, to exhibit strain-induced

lowering of its cubic crystal-symmetry;1 it also exhibited

ferroelectric properties at room temperature while the pure

unstressed SrTiO3 remains paraelectric down to 0 K.2

BaSnO3 has an ideal cubic perovskite structure belonging to

the space group Pm�3m.3 This semiconducting oxide was

found to exhibit interesting optical and magnetic properties

upon substituting a few atomic percentages of Fe or Mn for

Sn in the host lattice. These centrosymmetric oxides also

exhibited defect (such as oxygen vacancies and dopant

ions) induced first order Raman scattering.4,5 On the other

hand, pulsed laser deposition (PLD) has been a very suc-

cessful method for growing 3d transition (V, Cr, Mn, Fe,

Co, and Ni) metal doped oxide semiconductors like ZnO,

TiO2, and SnO2 on various substrates. Many of these thin

films were found to exhibit ferromagnetism at room temper-

ature. These are called dilute magnetic semiconducting

oxide (DMS) materials.6 Here, we report the strain-induced

dielectric resonance and ferromagnetic properties of Fe-3%

doped BaSnO3 thin films grown on n-type Si substrates

by PLD.

II. EXPERIMENTAL DETAILS

Single phase polycrystalline BaSn0.97Fe0.03O3 powder

obtained in solid state reaction4 was pressed into a pellet of

12 mm diameter and sintered at 1300 �C for 12 h. This sin-

tered pellet was used as the target material for growing

the Fe-3% doped BaSnO3 thin films on n–type Si (2 0 0) sub-

strates7 by PLD. The deposition conditions, substrate temper-

ature (Ts), partial pressure of oxygen (PO), and deposition

time (t) were varied, while keeping the distance between the

substrate and target as constant (�5 cm), for growing poly-

crystalline and oriented thin films. The PLD system used in

this work contains a high power (frequency tripled) pulsed

Nd-YAG laser with an output of ultraviolet radiation of

wavelength k¼ 355 nm, power P¼ 2.7 J cm�2, pulse width

wp¼ 19 ns, and repetition rate Rr¼ 10 Hz. The X-ray diffrac-

tion (XRD) data were collected using (PANalytical X’Pert

Pro) X-ray diffractometer with Cu Ka radiation. Raman spec-

tra were recorded at room temperature using a High Resolu-

tion Raman Microscope (HORIBA JOBIN YVON LabRAM

HR). The approximate thickness of the films was measured

using a high resolution scanning electron microscope (FEI

Quanta HR-SEM). The morphology and micro-structure anal-

ysis were carried out using a scanning electron microscope

(JEOL 6400 SEM) and atomic force microscope (AFM)

(Veeco Metrology Group, NanoScope IV Scanning Probe

Microscope). AFM images were processed using the Scan-

ning Probe Image Processor (SPIP) 4.8.4 software package.

In order to study the electrical properties, a pair of coplanar

gold electrodes8 separated by 0.2 mm distance (d), each with

1 mm length (l) and 1.5 mm width (w) were deposited on the

surface of a bulk pellet and the thin films (for 7 min in a vac-

uum better than 10�5 mbar) by PLD. The dielectric properties

were studied using an Impedance Analyzer (Agilent 4294 A).

Measurements of electrical resistance were performed using
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a Keithley 617 Programmable Electrometer. Magnetic meas-

urements were performed using a SQUID-vibrating sample

magnetometer (SVSM, Quantum Design, USA).

III. RESULTS AND DISCUSSIONS

A. Analysis of X-ray diffraction patterns

Among the many different thin film samples obtained

by varying the growth parameters, three thin films (labeled

as) (i) S7210, (ii) S745, and (iii) S742 were selected for fur-

ther characterization based on their XRD patterns. These are

the films that were grown in the conditions (i) Ts¼ 700 �C,

PO¼ 20 mbar, and t¼ 10 min, (ii) Ts¼ 700 �C, PO¼ 40

mbar, and t¼ 5 min, and (iii) Ts¼ 700 �C, PO¼ 40 mbar,

and t¼ 2 min, respectively. The XRD patterns of the thin

films S7210, S745, and S742 are shown in Fig. 1; the XRD

patterns of the bulk BaSn0.97Fe0.03O3 (Bulk Fe-3%) and

n-type Si substrate are shown as references. (The intensity of

the XRD patterns has been given in the logarithmic scale.)

There is an unidentified XRD peak indicated by the^ sym-

bol which is intrinsic to the substrate. Ignoring the substrate

peaks, the followings are to be observed in Fig. 1: (i) the film

S7210 has all the XRD peaks of bulk Fe-3% doped BaSnO3

exhibiting its polycrystalline nature, (ii) the film S745 has

(1 1 0) peak of negligibly very small intensity (indicated by

a small circle) and a relatively high intense (2 0 0) peak, and

(iii) the film S742 has only (2 0 0) peak exhibiting highly

preferred growth direction. Note that the (2 0 0) peak of the

Si substrate is not seen in the shown XRD pattern of S745

and S742. But, it was observed in both these films when the

samples were rotated with respect to their surface normal.

This rotation was carried out to get maximum intensity of

XRD peaks from the deposited material, and to minimize the

substrate peaks. Hence, in some specific rotation the (2 0 0)

peak of Si is not seen while getting maximum intensity from

the deposited material.

The lattice constant of bulk polycrystalline Fe-3% doped

BaSnO3 is ab¼ 4.105 Å.4 This is comparable with the dis-

tance between two nearest neighbor Si atoms, a*¼ 3.823 Å

of the (2 0 0) plane of Si single crystalline substrate, though

the lattice constant of Si is a¼ 5.406 Å. The comparable

value of a* with ab means a higher probability for the growth

of Fe-3% doped BaSnO3 thin films with the same (2 0 0)

orientation of the substrate as it is shown by the XRD pattern

of film S742 (see Fig. 1). The calculated lattice constant of

the thin film is af¼ 4.053 Å. Thus there is a reduction in the

lattice constant of the thin films compared with that of bulk

polycrystalline Fe-3% doped BaSnO3. This is due to the

value of a* being smaller than that of the bulk Fe-3% doped

BaSnO3. Thus Fe-3% doped BaSnO3 thin films (with

af¼ 4.053 Å) having a highly preferred (2 0 0) orientation

were grown on n–type Si (2 0 0) substrate with a*¼ 3.823 Å.

B. Analysis of defect- and strain-induced Raman
modes

Figure 2 shows the micro-Raman spectra of the Fe-3%

doped BaSnO3 thin films (S7210, S745, and S742) with ref-

erence to that of bulk polycrystalline Fe-3% doped BaSnO3

(Bulk Fe-3%) and n-type Si substrate. (The intensity of the

Raman spectra has been given in the logarithmic scale.) In

principle, the centrosymmetric (Fe-3% doped) BaSnO3

should not show first order Raman scattering.9 But the bulk

Fe-3% doped BaSnO3 sample exhibit the Raman modes

centered at Raman shifts 263.72, 336.36, 413.61, �517.37,

648.81, and 832.13 cm�1. These Raman modes of bulk

Fe-3% doped BaSnO3 are attributed to defect-induced

modes, which occur due to the local loss of translational

periodicity of the lattice as an effect of the substitution of

Fe-ions to Sn4þ ions in the host lattice and formation of

oxygen vacancies.5,10 Apart from the characteristic Raman

modes of the substrate (found at �306.20, 524.15 cm�1 and

a broad mode in the range 926.92 – 1010.26 cm�1), the poly-

crystalline film S7210 exhibits Raman modes of appreciable

intensity at 231.44, 306.38, �435.51, 483.94 cm�1 and a

least intense mode at 684.55 cm�1. Whereas the films S745

and S742 do not exhibit the least intense mode centered at

684.55 cm�1. The other first four modes exhibited S7210 are

found to have broadened in the case of S745 and S742 films.

The mode at the lowest wave number in the (2 0 0) oriented

film (S742) has split into a doublet, whose components has

centered at 232.59 and 247.58 cm�1. Here the degree of

splitting of the fourth mode and the degree of broadening of

FIG. 1. X-ray diffraction patterns of thin films (S7210, S745, and S742)

with reference to that of bulk Fe-3% doped BaSnO3 and n-type Si substrate.

The symbol ^ indicates an unidentified peak which is intrinsic to the

substrate.

FIG. 2. Micro-Raman spectra of thin films (S7210, S745, and S742) with

reference to that of bulk Fe-3% doped BaSnO3 and n-type Si substrate.
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all four modes increase with an increase of quality of the

(2 0 0) oriented crystalline-character of the films. When the

Raman modes exhibited by the polycrystalline and (2 0 0)

oriented thin films are compared with those exhibited by the

bulk Fe-3% doped BaSnO3, we have observed that one mode

located immediate to the left of the high intense mode of the

substrate is exclusively exhibited by the thin film samples.

Considering the similarity of this specific experimental

observation with the detailed investigations on the Raman

spectra in epitaxial thin films of La1-xCaxMnO3 (x¼ 0.33,

0.5) grown on different substrates reported by Xiong et al.11

and the observation of the first-order Raman scattering in

SrTiO3 thin films by Sirenko et al.,1 we understand that this

new mode is induced by strain in the lattice that occurred

due to the difference between the a* value of the substrate

and the lattice constant of the deposited material.

C. Dielectric resonance properties

Dielectric properties were studied by measuring the

in-plane capacitance (Cip) of the thin films using coplanar

electrode configuration. The schematic of the coplanar

capacitor structure with gold electrodes used in the study is

shown in Fig. 3. This coplanar capacitor configuration has a

disadvantage that the derivation of the dielectric constant

from the measured capacitance is difficult due to the follow-

ing two reasons: (i) the electric field distribution between

the coplanar electrodes is not uniform (see Fig. 3), and (ii)

the surface effect is a dominant one, though the thickness

of the dielectric is also influencing the capacitance. On the

other hand, this kind of electrode/dielectric film/substrate

type of (coplanar) capacitance structure utilizes the growth

of the dielectric film directly on the substrate, which offers

the advantage of having good control over crystalline quality

and orientation of the dielectric film.12 Therefore, we use the

measured values of Cip and the dielectric loss (tan d) for

studying the dielectric properties. For a given electrode/

dielectric film/substrate coplanar capacitor, the value of Cip-

varies as Cip / ðl� wÞa=db, where a and b are constants

having values less than 1. The value b depends on the thick-

ness of the dielectric film; it is higher for thicker films and

vice versa.8,13

The frequency dependent capacitance with coplanar

electrode structure (Cip) and the dielectric loss (tan d) of the

thin films S7210, S745, and S742 are shown in Fig. 4. At the

low frequency f¼ 114.9 Hz the Cip values of the films are

0.049, 0.035, and 0.25 nF, respectively; the corresponding

values of tan d are 0.575, 0.147, and 0.883, respectively. The

approximate thickness of the thin films S7210, S745, and

S742 measured using cross-sectional HR-SEM images are

9.2, 2.1, and 0.8 lm, respectively. Hence, the film S745 has

lower capacitance (nearly one order of magnitude lesser)

relative to that of S742. All three films exhibit very less

change in Cip and tan d over a wide range of frequency of

the applied electric field. But, they exhibit abrupt changes

when a particular frequency, called the resonance frequency

(fr), is reached. Each film exhibits this dielectric resonance at

different frequencies. The fr values of the films S7210,

S745, and S742 are 55.43, 44.84, and 27.11 MHz, respec-

tively (see inset a of Fig. 4); these are the values of f at which

tan d exhibits a maximum (see inset b of Fig. 4). The Cip

switches from a higher positive value to a higher negative

value at fr.

Following Kapustianyk et al.14 we find that the observed

dielectric resonance in the range of 20 – 60 MHz of applied

electric field is due to the electromechanical piezoelectric

resonance. The observed decrease of fr with a decrease of the

(deposition time or) thickness of the films is not in agreement

with the relationship between the fr of a piezoelectric crystal

and its thickness.15,16 This may be due to the following rea-

sons: (i) the measurements in our experiment were carried

out by using capacitors having coplanar electrodes, and (ii)

as per the XRD patterns of S7210, S745, and S742 thin films,

each film has a different crystalline-character. In order to

FIG. 3. Schematic views of the coplanar capacitor structure. Top view

showing the dimensions (left side) and cross-sectional view showing the

electric field lines through the dielectric film and the substrate (right side).

FIG. 4. Dispersion of in-plane capacitance (Cip) and dielectric loss (tan d)

of the Fe-3% doped BaSnO3 thin films. Dispersion of Cip (inset a) and tan d

(inset b) in the dielectric resonance frequency region.

FIG. 5. Dispersion of capacitance (Cip) and dielectric loss (tan d) of the

bulk Fe-3% doped BaSnO3. The low frequency region and high frequency

region are given in the upper and lower graphs, respectively.
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gain more insight on the observed dielectric resonance, the

in-plane capacitance (Cip) of the bulk Fe-3% doped BaSnO3

pellet was measured by using the same coplanar electrode

configuration. The dispersions of Cip and tan d with fre-

quency are shown in Fig. 5. Since the changes of Cip and

tan d are larger at frequencies greater than 100 kHz, the cor-

responding data are shown in a separate plot (bottom). As it

is seen, the Cip values are nearly three orders of magnitude

less than what was exhibited by thin films. Moreover, bulk

samples show a double resonance at the frequencies 12.81

and 14.33 MHz. Here, at the resonance frequency, the Cip

does not show any negative values. Hence, we believe that

the lattice-strain might have induced some local-distortion in

the crystal system, which should have broken the center of

inversion symmetry of Fe-3% doped BaSnO3 cubic crystals.

This is supported by the strain-induced Raman mode

observed in the thin films which was not present in bulk Fe-

3% doped BaSnO3. Thus, the Fe-3% doped BaSnO3 thin

films exhibit (deposition time or) thickness and crystalline-

character dependent strain-induced dielectric resonance.

D. Surface electrical resistivity

The surface resistance (Rs) of the bulk Fe-3% doped

BaSnO3 pellet and the thin films were measured at room

temperature, using the same coplanar electrode structure.

The surface resistivity (qs) was calculated using the formula

qs ¼ Rsðw=dÞ (ohm), where w is the width and d is the dis-

tance of separation of two electrodes (see Fig. 3).17,18 The

bulk sample offered a surface resistivity, qs � 1.1313 MX for

the flow of electric current. The value of qs of the polycrystal-

line thin film S7210 is 229.09 MX, whereas the (2 0 0)

oriented thin films S745 and S742 have qs of 0.2964 MX and

0.1365 MX, respectively. The three orders of increased value

of qs of the polycrystalline film (S7210) should be due to the

presence of grains of different crystallographic orientations

and grain boundaries. Hence, the surface resistivity also

shows a strong dependency on the crystalline-character of the

thin films.

E. Morphology and micro structure analysis

Figures 6(a) and 6(c) show the SEM images of the thin

films S745 and S742, respectively. It is seen from the SEM

images that there are particles grown above the average sur-

face of either films. These particles have wide spread size

distribution. In the case of S742 there are particles of size as

small as <100 nm, while the film S745 has relatively larger

particles (>100 nm). Also, it is seen that these larger par-

ticles of S745 have agglomerated particles of smaller size.

Figures 6(b) and 6(d) show the AFM images of the films

S745 and S742, respectively. Both of the images were

scanned over an area of 1 lm2. It is seen that the grains in

the samples have no regular shapes, though some of them

have a nearly spherical top surface. Moreover, in either film

there are grains whose top surfaces have sizes smaller than

100 nm. The estimated average, mean square roughness

parameters, and maximum peak height of the S745 film are

Sa¼ 34.53 nm, Sq¼ 43.12 nm, and Sp¼ 101.25 nm, respec-

tively, whereas the values of these parameters of the S742

film are Sa¼ 31.31 nm, Sq¼ 38.72 nm, and Sp¼ 107.86 nm,

respectively. These parameters indicate that the film S745

has a relatively smoother surface than S742.

F. Magnetic properties

The films S745 and S742 were selected for magnetic

measurements. Figure 7(a) shows the field dependent mag-

netization of these samples measured at 300 and 1.8 K.

Figure 7(b) shows the same data in an expanded view in the

applied field range of �0.1 T to þ 0.1 T. It is clear that both

the samples exhibit ferromagnetism at 1.8 K. At 300 K, they

exhibit nonlinear variation of magnetization at a lower field

FIG. 6. The SEM (a) and (c) and AFM (b) and (d) images of S745 and S742

(Fe-3% doped BaSnO3) thin films, respectively.

FIG. 7. (a) The field dependent magnet-

ization of the films S745 and S742 meas-

ured at 300 K and 1.8 K temperatures.

(b) An expanded view in the range of

–0.1 T to þ0.1 T.
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while there is a domination of diamagnetic character

observed at the higher field. This agrees with our earlier

observations that, at 300 K, in the case of Mn-3% doped

BaSnO3 bulk polycrystalline sample, the inherent diamag-

netic character of the undoped BaSnO3 dominates at a higher

applied field.5 Also, the ferromagnetic character of the bulk

polycrystalline BaSn1–xMnxO3 (with x¼ 0.01–0.05) samples

was found to increase with an increase in the dopant (Mn)

concentration.5 Hence, the observed domination of the dia-

magnetic character of the thin films S745 and S742 at higher

applied field may be extinguished if the dopant (Fe) concen-

tration is increased optimally. However, more investigations

are required to ascertain whether the observed ferromagnet-

ism is inherent to the sample or it comes from any secondary

phases. For example, many of the Co doped TiO2 (anatase)

DMS thin films grown by PLD method exhibited ferromag-

netism with high Curie temperature (TC) 650 – 700 K. But,

the observed ferromagnetism was not inherent to the materi-

als. It was rather found to be due to the presence of the

Co cluster.19–21 Similarly, low temperature ferromagnetism

(TC � 48 K) observed in the case of Mn-doped Cu2O thin

films were due to the presence of Mn3O4 precipitates.
22

IV. SUMMARY

The Fe-3% doped BaSnO3 thin films grown on n–type

Si (2 0 0) substrates by PLD were found to have either poly-

crystalline nature or highly preferred (2 0 0) oriented growth

depending on the deposition conditions. The films exhibited

strain-induced Raman modes indicating the lowering of

cubic symmetry of the bulk Fe-3% doped BaSnO3. The films

exhibited dielectric resonance in the frequency range 20 – 60

MHz depending on their (deposition time or) thickness and

crystalline-character. The observed dielectric resonance has

been explained by the phenomenon of electromechanical

piezoelectric resonance. Similarly, the surface electrical re-

sistivity showed a strong dependence on the crystalline-

character of the thin films. Further the films grown for 5 and

2 min were selected for microscopic investigations and mag-

netization studies. Analysis of AFM images showed that the

film grown for 5 min has a relatively smoother surface than

the film grown for 2 min. The magnetic measurements, per-

formed at 300 K and 1.8 K, showed that both the films have

ferromagnetic ordering. This ferromagnetic ordering is over-

come by the inherent diamagnetic nature of BaSnO3 for

higher applied magnetic field at 300 K.
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