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Frequency- and temperature-dependent dielectric response
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Jin Yue,1 Juan Maria Garcia Lastra,2 and Bharat Jalan1,a
1Department of Chemical Engineering and Materials Science, University of Minnesota,
Minneapolis, Minnesota 55455, USA
2Department of Energy Conversion and Storage, Technical University of Denmark, Lyngby,
Denmark

(Received 3 March 2018; accepted 1 June 2018; published online 15 June 2018)

We report on the dielectric response of epitaxial BaSnO3 films grown on Nb-doped
SrTiO3 (001) substrates using a hybrid molecular beam epitaxy approach. Metal-
insulator-metal capacitors were fabricated to obtain frequency- and temperature-
dependent dielectric constant and loss. Irrespective of film thickness and cation
stoichiometry, the dielectric constant obtained from Ba1−xSn1−yO3 films remained
largely unchanged at 15-17 and was independent of frequency and temperature. A
loss tangent of ∼1 × 10−3 at 1 kHz < f < 100 kHz was obtained for stoichiometric
films, which increased significantly with non-stoichiometry. Using density functional
theory calculations, these results are discussed in the context of point defect complexes
that can form during film synthesis. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5027567

BaSnO3 (BSO) is a wide bandgap perovskite oxide, which has recently gained considerable
attention due to the discovery of a large room temperature mobility.1–9 When doped with La, BSO
has been shown to have a mobility of 320 cm2 V−1 s−1 in bulk5–7 and up to 183 cm2 V−1 s−1 in
thin films at remarkably high carrier densities of the order of 1020 cm−3.4 The combination of high
carrier density and mobility makes doped BSO a promising candidate for transparent conducting
oxides and power electronic applications.10–12 Both electronic and optical properties of BSO can be
strongly affected by their dielectric behavior. However, despite the increasing amount of work on the
electronic and optical properties of BSO, there have been no reports on the dielectric response of BSO
in thin film form. A few reports of dielectric properties exist and are measured using polycrystalline
bulk samples.13–16 For example, a dielectric constant of about 20 is reported for bulk BSO ceramics
synthesized using a solid state ceramic method.13 Most recent work reported a value of 45 using
powder BSO samples.16 Theoretical calculations have also been carried out and have predicted a
value of 22, which is in good agreement with the experimental bulk value.16

Thin film geometry can offer additional advantages of tailoring dielectric constant through strain
engineering approaches. However, it also yields several challenges associated with point defect con-
trol and strain relaxation-induced dislocation formation. The latter becomes a more severe problem
for films that have large lattice mismatch with substrates, as is commonly the case with BSO.3,4,17–19

A large density of threading dislocations, 1011-1012 cm−2, is nominally found in BSO films grown on
various substrates including SrTiO3 (STO) (001).4,18,20 These dislocations are argued to be charged
centers2,6,21 can arguably influence polarization and thereby dielectric constant of BSO in thin film
geometry. Additionally, factors such as film/electrode interfaces can influence the dielectric constant
of BSO films. For instance, thickness-dependent dielectric constants have been commonly observed
in ferroelectric systems including the (Ba, Sr)TiO3 (BSTO) system owing to an interfacial “dead
layer” effect.22–25 It is, however, also argued that the dead layer effect may not be observable in films
having a low dielectric constant.26
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In this letter, we report on the dielectric constant (ε′) and the dielectric loss tangent (tan δ)
of nominally stoichiometric BSO films as a function of film thickness, frequency, and temperature
between 77 and 300 K. Films grown under Ba- and Sn-deficient conditions are also examined to
investigate the role of cation stoichiometry on dielectric responses. These results are then discussed
using density functional theory (DFT) calculations revealing the important role of Ba, Sn, and O
vacancies and related defect complexes on the dielectric constant of BSO.

BSO films were grown on conducting 0.5 wt. % Nb-doped SrTiO3 (001) (NSTO) substrates
using a hybrid molecular beam epitaxy (MBE) approach described elsewhere.2,19,21 NSTO was
used as a bottom metal electrode and has a room temperature resistivity of ∼5 × 10−3 Ω cm. Sto-
ichiometry was tailored by controlling Sn:Ba beam equivalent pressure (BEP) ratios.21 The degree
of non-stoichiometry was estimated by correlating Sn:Ba BEPs and the BSO out-of-plane lattice
parameters with the Rutherford Backscattering spectrometry (RBS) results for BSO films grown
on SrTiO3.21 The metal-insulator-metal (MIM) capacitor structures, as illustrated schematically in
the inset of Fig. 1, were fabricated for dielectric measurements by sputtering 200 nm of Pt on
BSO films and using a lift-off technique to make top electrodes with radii of 100 µm. An outer
ring of the BSO films was then etched through to the substrate/bottom electrode using ion milling.
The samples were annealed at 900 ◦C for 1 h in excess of oxygen to decrease possible contribu-
tions from oxygen vacancies that may be introduced during the ion milling process. It is noted that
as-grown BSO films were insulating suggesting no measurable oxygen vacancy defects. Finally,
20 nm Al/30 nm Ni/150 nm Au was sputtered on the outer ring to create an ohmic contact with
substrate.

Wide-angle x-ray diffraction (WAXRD) 2θ-ω scans were taken on a Panalytical X’Pert thin film
diffractometer. Complex impedances were measured using an Agilent B1500A from 1 kHz to 1 MHz
with a peak oscillating electric field of about 20 kV/cm. A Lakeshore CPX-VF cryogenic probe station
was used to perform temperature-dependent impedance measurements from 77 to 300 K. A variety
of defect states within a 2 × 2 × 2 supercell were studied using DFT-based simulations for formation
energy and dielectric properties. The methodology and detailed results of chosen configurations that
are likely to exist in our samples are provided in the supplementary material.

Figure 1 shows the WAXRD pattern of the film stack in a MIM capacitor configuration consist-
ing of 40 nm stoichiometric BSO/NSTO (001) and metal electrodes after complete processing. A
schematic of the capacitor structure is shown in the inset. The WAXRD result shows phase-pure, epi-
taxial, single crystalline BSO films on NSTO (001). Additional peaks corresponding to Pt (111) and
Au (111) were also present indicating crystalline and textured metal electrodes. It is noted that cation

FIG. 1. High-resolution WAXRD pattern for a 40 nm BSO film on Nb-doped SrTiO3 (001) substrate after complete capacitor
fabrication. Inset shows a schematic of the device structure.

ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-6-007806
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stoichiometry and epitaxial relationship for BSO films were confirmed using adsorption-controlled
growth regime offered by the hybrid MBE approach.19,21

Figures 2(a) and 2(b) show the frequency ( f ) dependence of ε′ and tan δ, respectively, for films
with different compositions. Film thicknesses were kept between 40 and 49 nm. Fits in Fig. 2(b) for
tan δ as a function of f were calculated from complex impedance fits using the equivalent circuit
shown as an inset. Best fits were found using a constant phase element (CPEf) for the film, which
may act as an imperfect capacitor. The overall impedance (Z) of the circuit is therefore given by

Z =Rel +

(
Rf

1 + Rf Q( jω)α

)
+ jωL, (1)

where Rel and Rf are the electrode and film resistance, respectively; ω = 2πf, Q is a frequency-
independent constant, and L is the inductance of the equivalent circuit. α is a parameter between
0 and 1 which gives the constant phase of –(90α)◦, where α = 1 is a perfect capacitor and α = 0 is a
pure resistor. Regardless of stoichiometry, excellent fits were obtained using this circuit and yielded
α = 0.998–0.999, further confirming nearly perfect capacitor behavior. An inductance of 5.5 µH was
also found from the fit, which is in good agreement with perovskite thin film capacitors and has usually
been attributed to the electrode behavior.27 The frequency-dependent value of ε′ remained largely
unchanged for all samples [see Fig. 2(a)]. A value of 14.8 ± 0.5 was measured for stoichiometric
(Sn:Ba = 1.00 ± 0.02) and Ba-deficient (Sn:Ba = 1.15 ± 0.02) films, whereas a slightly higher value,
15.6 ± 0.5, was obtained for Sn-deficient film (Sn:Ba = 0.95 ± 0.02). Stoichiometric films, however,
yielded much lower tan δ, 1.6 × 10−3 ± 1 × 10−4 in 1 kHz < f < 100 kHz, whereas much higher tan δ
was obtained for non-stoichiometric films, likely due to cation vacancy defects or defect complexes.
Irrespective of cation stoichiometry, all three samples showed an increase in tan δ for f > 100 kHz,
suggesting an onset of dielectric relaxation. A larger frequency range would be needed to confirm
dielectric relaxation processes in BSO films.

Our experimental results for thin BSO films have about a 25% lower dielectric constant than the
reported bulk value of 20 in ceramic samples, and these values are independent of cation stoichiom-
etry. These findings raised questions on the possible roles of dimensionality, threading dislocations,
and interfaces that may degrade a film’s dielectric performance. To this end, we grew a thickness
series of nominally stoichiometric BSO films to determine how dielectric properties evolve with
film thickness (t). Figures 2(c) and 2(d) show ε′ and tan δ, respectively, measured at f = 100 kHz

FIG. 2. Frequency dependence of (a) ε′ and (b) tan δ for stoichiometric (40 nm), Sn-deficient (49 nm), and Ba-deficient
(47 nm) BSO films. Error to the RBS composition is±0.02. Solid lines are fits using the schematic equivalent circuit as illustrated
in the inset incorporating electrode (Rel) and film (Rf) resistance, film capacitance in terms of a constant phase element (CPEf),
and inductance (L). Film thickness dependence of (c) ε′ and (d) tan δ for stoichiometric and Ba- and Sn-deficient films measured
at 100 kHz. Dashed line is a guide to the eye. Error bars are of the size of symbols.
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for stoichiometric films (red circles). Results of Ba-deficient (green triangle) and Sn-deficient (blue
square) samples are also shown on the same plots for comparison. ε′ was found to be relatively
constant, whereas tan δ decreased hyperbolically with increasing film thickness to a value ∼1 × 10−3.
A similar behavior of tan δ vs f was seen by Li et al.28 for SrTiO3 films and was attributed to
the interfacial “dead layer” effect. However, it is noteworthy that there was no change in ε′ vs
t as one may expect from a dead layer. We attribute this behavior to the low dielectric constant
of BSO, which may not allow for the direct observation of a dead layer effect through ε′ vs t
even if a dead layer is present.26 Another factor that may influence the dielectric loss is thread-
ing dislocation density in BSO films. In our prior work, we have found evidence that threading
dislocation density decreases with increasing thicknesses resulting in an increase of electron mobil-
ity.2 While dislocation density is yet to be measured experimentally, it is conceivable to attribute
the observed behavior of tan δ vs f to the threading dislocations. Future theoretical work should
be directed to investigate the role of dielectric dead layer and threading dislocations on dielectric
loss.

Finally, we investigated the temperature dependence of dielectric constant and loss. Figures 3(a)
and 3(b) show T-dependent ε′ and tan δ, respectively, measured at 100 kHz from 77 to 300 K for films
with different cation stoichiometry. No change in ε′ was observed in this temperature range, but tan δ
showed significant variation with temperature. With decreasing temperature, tan δ first increased for
the stoichiometric sample followed by a broad peak around 100-175 K. A similar broad peak was
observed for Ba-deficient films, but tan δ initially decreased with decreasing temperature. Sn-deficient
films, on the other hand, showed a drop in tan δ with decreasing temperature reaching below that of
stoichiometric film and no obvious broad peak. While it is yet to be established the main source of
peak in tan δ, we attribute it to extrinsic defects29 including threading dislocations, residual oxygen

FIG. 3. Temperature dependence of (a) ε′ and (b) tan δ measured at 100 kHz for stoichiometric (40 nm), Sn-deficient
(49 nm), and Ba-deficient (47 nm) BSO films. Error to the RBS composition is ±0.02, and error bars are of the size of
symbols.
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vacancies,30 or phase transition in the NSTO substrate. Intrinsic factors such as Debye dielectric loss
can also result in a peak in tan δ with temperature, but this behavior is usually operative at much
higher frequencies. The true source of the observed loss behavior is still unknown, and further work
is necessary to determine its source.

To investigate an apparent tolerance of the dielectric constant to cation stoichiometry, DFT sim-
ulations were used. The calculated dielectric constant for bulk, defect-free BSO, was 18.1 comprising
electronic and ionic contributions of 4.7 and 13.4, respectively. The calculated electronic contribu-
tion agrees well with previous theoretical work by Bévillon et al.,16 whereas the ionic contribution
is smaller. The discrepancy arises from the difference in phonon frequency estimates, although Born
charges (Z∗xx of +2.76/+0.37/−3.34 for Ba/Sn/O ions) match with the reported values.16 To simulate
defect structures in non-stoichiometric films, a subset of possible defect configurations including
cation and oxygen vacancies and their defect complexes were considered. DFT yielded formation
energies of +0.71 eV for V̈o and +6.22 eV and +10.66 eV for V ′′Ba and V ′′′′Sn , respectively. A possible
defect complex in Sn-deficient samples consisting of one V ′′′′Sn and two V̈o in the 40 atom supercell
showed a total vacancy formation energy of +3.88 eV when these vacancies are next to each other, i.e.,
V̈o − V ′′′′Sn − V̈o angle is 90◦ (supplementary material). Similarly, for a Ba-deficient sample, a defect
complex consisting of one V ′′Ba and one V̈o vacancy requires much lower formation energy, +3.67 eV,
when there is a missing O atom in the second coordination, 5.03 Å from missing the Ba atom
(supplementary material). The Born effective charge tensor, a second order derivative of the total
energy with respect to macroscopic electric field and atomic displacement, indicates the sig-
nificance of long-range Coulomb interactions on the vibrational and optical properties of ionic
insulators. For different supercell configurations with these two vacancy complexes, DFT calcu-
lation revealed small changes in the Born charge of ions. Low frequency phonon modes have the
largest contributions to the dielectric response and our calculations point to no significant mod-
ification in their frequencies. This leads to a very small reduction in the ionic contribution to
the dielectric constant (see the supplementary material). Similarly, the electronic contribution to
the dielectric constant remained largely unchanged. The very small changes in the Born charge
and resulting dielectric constant of these non-stoichiometry related defect complexes, therefore,
agrees well with the experimental findings of no measurable influence on dielectric constant with
non-stoichiometry.

In summary, we have characterized dielectric properties of BSO films grown by hybrid MBE. The
measured dielectric constant was 15-17 for stoichiometric films and remained largely unchanged with
stoichiometry, film thickness, frequency, and temperature. Stoichiometric films yielded the lowest
tan δ, 1 × 10−3 at room temperature, but exhibited a broad peak between 100 and 175 K. DFT
simulations were used to investigate the effect of possible point defects/defect complexes on the
dielectric constant and was found to be consistent with our experimental results. Future theoretical
work should, however, be directed to investigate the specific contribution of different defects on
dielectric loss behavior.

See supplementary material for possible defect configurations chosen for density functional
theory calculations in addition to the high resolution XRD and temperature-dependent dielectric loss
data at different frequencies.
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R. Uecker, Z.-K. Liu, D. Jena, K. M. Shen, D. A. Muller, and D. G. Schlom, APL Mater. 5, 116107 (2017).
5 H. J. Kim, U. Kim, H. M. Kim, T. H. Kim, H. S. Mun, B.-G. Jeon, K. T. Hong, W.-J. Lee, C. Ju, K. H. Kim, and K. Char,

Appl. Phys. Express 5, 061102 (2012).
6 H. J. Kim, U. Kim, T. H. Kim, J. Kim, H. M. Kim, B.-G. Jeon, W.-J. Lee, H. S. Mun, K. T. Hong, J. Yu, K. Char, and K. H.

Kim, Phys. Rev. B 86, 165205 (2012).
7 X. Luo, Y. S. Oh, A. Sirenko, P. Gao, T. A. Tyson, K. Char, and S.-W. Cheong, Appl. Phys. Lett. 100, 172112 (2012).
8 A. V. Sanchela, T. Onozato, B. Feng, Y. Ikuhara, and H. Ohta, Phys. Rev. Mater. 1, 034603 (2017).
9 K. Ganguly, A. Prakash, B. Jalan, and C. Leighton, APL Mater. 5, 056102 (2017).

10 K. Krishnaswamy, L. Bjaalie, B. Himmetoglu, A. Janotti, L. Gordon, and C. G. Van de Walle, Appl. Phys. Lett. 108, 083501
(2016).

11 S. A. Chambers, T. C. Kaspar, A. Prakash, G. Haugstad, and B. Jalan, Appl. Phys. Lett. 108, 152104 (2016).
12 C. Park, U. Kim, C. J. Ju, J. S. Park, Y. M. Kim, and K. Char, Appl. Phys. Lett. 105, 203503 (2014).
13 P. Singh, B. J. Brandenburg, C. P. Sebastian, P. Singh, S. Singh, D. Kumar, and O. Parkash, Jpn. J. Appl. Phys., Part 1 47,

3540 (2008).
14 S. Upadhyay, O. Parkash, and D. Kumar, J. Mater. Sci. Lett. 16, 1330 (1997).
15 S. Upadhyay, Bull. Mater. Sci. 36, 1019 (2013).
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