
FULL PAPER

1700622 (1 of 7) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

Tunable, Low Optical Loss Strontium Molybdate Thin Films 
for Plasmonic Applications

Matthew P. Wells, Bin Zou, Brock G. Doiron, Rebecca Kilmurray, Andrei P. Mihai, 
Rupert F. M. Oulton, Patrick Gubeljak, Kristian L. Ormandy, Giuseppe Mallia, 
Nicholas M. Harrison, Lesley F. Cohen, Stefan A. Maier, Neil McN. Alford, 
and Peter K. Petrov*

DOI: 10.1002/adom.201700622

1. Introduction

Plasmonic phenomena are expected to have a significant 
impact in applications such as nanoscale imaging,[1] biological 
sensing,[2,3] energy harvesting,[4,5] and communication sys-
tems.[6] As a result of coupling between light and electrons 
at the material surface, plasmonic materials offer a means 
of overcoming the diffraction limit via mixed light-matter 

Strontium molybdate (SrMoO3) thin films are grown epitaxially on stron-
tium titanate (SrTiO3), magnesium oxide (MgO), and lanthanum aluminate 
(LaAlO3) substrates by pulsed laser deposition and possess electrical resis-
tivity as low as 100 µΩ cm at room temperature. SrMoO3 is shown to have 
optical losses, characterized by the product of the Drude broadening, ΓD, and 
the square of the plasma frequency, ωpu

2, significantly lower than TiN, though 
generally higher than Au. Also, it is demonstrated that there is a zero-cross-
over wavelength of the real part of the dielectric permittivity, which is between 
600 and 950 nm (2.05 and 1.31 eV), as measured by spectroscopic ellipsom-
etry. Moreover, the epsilon near zero (ENZ) wavelength can be controlled 
by engineering the residual strain in the films, which arises from a strain 
dependence of the charge carrier concentration, as confirmed by density of 
states calculations. The relatively broad tunability of ENZ behavior observed in 
SrMoO3 demonstrates its potential suitability for transformation optics along 
with plasmonic applications in the visible to near infrared spectral range.
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modes (polaritons), thereby enabling 
manipulation of light at the nanoscale. 
This allows the high bandwidth capabili-
ties of photonics to be merged with the 
nanoscale integration made possible by 
nanoelectronics.[1]

In the past, research into plasmonics 
has focused on the noble metals Au and 
Ag due to their high carrier concentrations 
and resultant operational frequencies 
in the visible to near infrared spectral 
range.[7,8] However, these materials are 
subject to significant intraband losses 
at optical frequencies,[9] incompatibility 
with silicon-based electronics,[7] and poor 
thermal stability,[10] thereby restricting 
their use in plasmonic devices. Hence 
there is a pressing requirement for 
research into alternative plasmonic mate-
rials to overcome these limitations. The 
plasmonic properties of materials such 

as TiN,[11] SrRuO3,
[10] and indium tin oxide (ITO)[12] have pre-

viously been investigated; however, while each may have its 
potential applications, there remains a need for a more compre-
hensive materials platform in order for the field of plasmonics 
to be fully integrated into semiconductor devices.

SrMoO3 (SMO) is a compound with a perovskite-type crystal 
structure which has been shown to exhibit both metallic and 
Pauli paramagnetic properties.[13] With a bulk cubic crystal cell 
and lattice constant of 3.975 Å SMO is well suited for growth 
on substrates such as SrTiO3 (STO), MgO, and LaAlO3 (LAO).[13] 
Furthermore, the bulk material shows temperature stability up 
to ≈1000 K[14] and thin films of SMO have exhibited low resis-
tivity at room temperature.[13] Such properties are certainly 
encouraging from the perspective of plasmonics, though reports 
of the potential use of SMO for plasmonic applications are 
scarce. In 2000, Mizoguchi et al.[15] reported the measurement of 
a negative real part of the dielectric permittivity, with a crossover at 
≈720 nm for SMO films grown on glass substrates by reactive DC 
magnetron sputtering. However, in this instance, the films pro-
duced were found to be of relatively poor quality, being both poly-
crystalline and significantly cracked. More recently, Wadati et al. 
suggest the existence of plasmon satellites in the hard X-ray (HX) 
photo emission spectroscopy data for SMO thin films and there-
fore recommend further investigations into such properties.[16]
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This article explores the potential of SrMoO3 for plasmonic 
applications. In our initial experiments it was observed that 
significant variations in the optical properties of SMO samples 
were present for samples grown on MgO, LAO, and STO sub-
strates, under otherwise identical conditions. Such variations 
were likely a result of changes to the residual strain in the SMO 
films due to the different lattice parameters of each substrate 
material. We have explored further this hypothesis by growing 
SMO films with thicknesses ranging from 40 to 100 nm on 
STO substrates. There is a lattice mismatch of 1.8% between 
SMO and STO crystal cells, which results in residual strain in 
the SMO film. This strain is reduced with the increase of the 
film thickness. In this paper we report the optical, structural, 
and electrical properties of SMO thin films as a function of 
their thicknesses and corresponding residual strain.

2. Results

The X-ray diffraction (XRD) pattern acquired for a representa-
tive SMO sample is shown in Figure 1, in which the narrow 
(100) and (200) peaks can be considered indicative of a high 
degree of crystallinity and epitaxial growth. For each sample the 
out-of-plane lattice parameter was evaluated from the XRD data, 
with the resulting values ranging between 3.999 and 4.024 Å,  
increasing according to the decreasing thickness of the  
samples.

The room temperature DC resistivity (ρ) for each sample 
was also measured, with values found to range between 90 and 
205 µΩ cm according to film thickness as shown in Figure 2. 
It has been shown previously that the electrical properties of 
SMO vary according to the choice of substrate as a result of 
subsequent changes to the lattice parameters[17] and so it is 
not surprising that significant variations are observed here. It 
should be noted however that the resistivity values achieved 
here, though in close agreement to those of Murakami et al.[18] 
and Wang et al.,[19] are larger than the 29 µΩ cm reported by 

Radetinac et al.[20] This is likely attributable to the presence of 
defects and/or impurities leading to increased scattering rates 
and reduced mobilities in the films.[20]

Hall effect measurements were carried out in order to eval-
uate the charge carrier concentration and mobility in the sam-
ples. For the 55 nm film they were found to be of the order of 
1022 cm−3 and 1.5 cm2 V−1 s−1, respectively. Across the series 
of films the room temperature carrier density varied by ≈10% 
and the mobility by approximately a factor of two with the most 
strained films (the thinnest films) having the lowest carrier 
concentration, lowest mobility, and highest resistivity.

Our reported resistivity results are in good agreement with 
those of Wang et al.,[13] while the optical and charge carrier 
characteristics are consistent with recent reports of the behavior 
of SrNbO3.[21]

Figure 3 shows the optical properties for SMO films of 
various thicknesses grown under the same deposition condi-
tions. The real and imaginary parts of the dielectric permittivity 
(Figure 3a,b, respectively) can be seen to follow clear trends 
according to film thickness. In all cases the results show SMO 
to be a low loss plasmonic material with crossover from posi-
tive to negative real dielectric permittivity (and hence dielectric 
to plasmonic behavior) in the visible to near infrared region of 
the spectrum, consistent with Mizoguchi et al.[15] For each film 
the optical measurements were found to be in good agreement 
with the fitted data.

3. Discussion

From the XRD data in Figure 1, together with those of other 
samples (not shown) we observe that, as the thickness of the 
samples is increased, the out-of-plane lattice parameter of the 
SMO tends toward that of the bulk material, ranging from 4.024 
to 3.999 Å in the respective cases of the 40 and 100 nm sam-
ples. It may therefore be considered that the trends observed 
in Figure 3 result from changes to the lattice parameter of the 
films, rather than being a direct function of film thickness. 
To explore this SMO films were also deposited on both MgO 
and LAO substrates to thicknesses of 195 and 220 nm, respec-
tively. The trends from these samples confirm that it is the lat-
tice parameter rather than the film thickness that controls the 
zero crossover wavelength of the real part of the dielectric per-
mittivity. The relationship is shown more clearly in Figure 4, 
where the crossover wavelength between positive and negative 
real dielectric permittivity is plotted against crystal cell lattice 
parameter, evaluated from XRD.

From these studies it can be understood that, as the SMO 
film thickness is increased, the strain in the film and the 
DC resistivity reduce with both values tending toward those 
expected of the bulk material. This is reflected in the real part 
of the dielectric permittivity, as more metallic-like behavior 
can be observed at the film surface as the strain in the film is 
decreased, with permittivity crossover ranging between 950 and 
605 nm, corresponding to 1.31 and 2.05 eV.

Using spectroscopic ellipsometry measurements it is possible 
to describe the behavior of the conduction electrons by probing 
changes in the material’s reflectivity at various photon energies 
and angles of incidence using the Drude–Lorentz model.[22] 
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Figure 1. Representative XRD pattern of SMO on LAO.
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Experimental data were fitted for wavelengths between 300 and 
1500 nm. In the case of the 100 nm sample of SMO the optimal 
fit (shown in Figure 5) was found to result from the following 
values: ε∞ = 1.25; ωpu = 3.68 eV; ΓD = 0.325 eV; f1 = 3.65 eV; 
f2 = 90.25; γ1 = 2.065 eV; γ2 = 1.099 eV; Eo1 = 1.8345 eV; Eo2 =  
5.944 eV. Although the plasma frequency evaluated here is 
markedly lower than the 8.9 eV reported for Au,[23] SMO may 
still be considered a suitable material for plasmonic applica-
tions operating in the visible region of the spectrum. It may 

also be noted that the value of ΓD is signifi-
cantly lower in this case than recorded by 
Mizoguchi et al. (0.325 eV as opposed to  
5.37 eV), attributed to the higher quality, 
more crystalline film.[15]

Additionally, the optical properties of 
SMO were compared with those of existing 
plasmonic materials. Figure 6a,b shows 
respectively the real and imaginary parts of 
the dielectric permittivity for Au,[24] TiN,[25] 
and SMO. It may be observed that, although 
negative, the real part of the dielectric per-
mittivity (Figure 6a) remains small in mag-
nitude below the crossover frequency. As a 
result, SMO may be considered well suited to 
novel transformation optics and metamate-
rial-based applications. Meanwhile, Figure 6b 
shows that the optical losses in SMO are sig-
nificantly lower than those observed in TiN. 
Furthermore, although the losses are greater 
than those of gold above ≈550 nm, the losses 
at shorter wavelengths are much lower.

To compare the plasmonic losses of 
the three materials presented it is impera-

tive to look in the regime where each material exhibits 
metallic behavior, that is, where the Drude contribution 
dominates (>600 nm). When considering only the imagi-
nary part of this term, Im(ε), which quantifies loss, it is 
shown be proportional to the product of ΓD and ωp

2.[9] From 
literature, Au is found to have ΓD and ωpu values of 0.0534 
and 8.991 eV, respectively,[24] while for TiN ΓD = 0.165 eV  
and ωpu = 5.707 eV[26] and, as described above, ΓD = 0.325 and 
ωpu = 3.68 eV for SMO. As such, the product of ΓD and ωp

2 for 
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Figure 2. Relationship between DC resistivity and SMO film thickness and (inset) dependence 
of out-of-plane lattice parameter on film thickness.

Figure 3. Real a) and imaginary b) dielectric permittivity for 40–100 nm SMO films on STO substrates.
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SMO can be shown to have a value between that of Au and TiN, 
as would be expected from Figure 6.

Table 1 provides a summary of the optical properties of Au, 
TiN, and SMO allowing direct comparison. Here, the wave-
lengths at which the real part of the dielectric permittivity 
equals 0 and −2, together with the losses at these frequencies, 
are shown for each material. Over the wavelengths measured it 
should be noted that the real part of the dielectric permittivity 
of Au was always negative. As a result, it is necessary to con-
sider the point at which the permittivity is equal to −2 in order 
to provide a comparison with the loss characteristics of SMO 
and TiN. Furthermore, the frequency at which Re(ε) = −2 is sig-
nificant in the consideration of a material for plasmonic appli-
cations. According to Mie theory, assuming variations in Im(ε) 
are small, the polarizability of a particle is subject to a resonant 
enhancement at approximately this frequency.[27]

Although the losses of Au are lower than those of SMO over 
a wide frequency range, it can be seen from Table 1 that, at the 
point at which Re(ε) = −2 for each material, the losses present 
in SMO are ≈54% lower than those in Au. This is a result of 
the interband transition losses present in Au in this frequency 
range. Similarly, by comparison to TiN, the losses of SMO are 

≈28% lower when Re(ε) = 0 though of comparable magnitude 
when Re(ε) = −2. It may be noted that, in the presence of dielec-
tric media with a higher refractive index than that of air, the 
resonance condition described by Mie theory is subject to red-
shift. In this case, the losses of Au will decrease as the effect 
of interband transitions becomes negligible; however, it can be 
seen from Figure 6 that, for wavelengths greater than ≈550 nm,  
the losses of SMO, though larger than those of Au, remain 
of a similar magnitude, therefore still represent a significant 
improvement on TiN.

It is also worth considering the optical behavior of SMO with 
respect to transparent conducting oxides (TCO’s) such as ITO. 
TCO’s tend to have significantly lower charge carrier concen-
trations (typically < 1021 cm−3) than conventional metals,[12] 
resulting in much lower losses along with a plasma frequency 
in the near–mid IR. Similarly, the carrier concentration of the 
order of 1022 cm−3 observed in SMO can be seen to result in 
the loss characteristics appearing much closer to those of the 
noble metals than the TCO’s, while facilitating operation in the 
visible–near IR regime.

Additionally, to better understand the results obtained thus 
far, the electronic structure of SMO was studied by density 
of states (DOS) calculations, plotted in Figure 7. In agree-
ment with previously published results, Figure 7 shows that 
the conduction band is dominated by Mo 4d orbitals, so it is 
understood that the observed metallic behavior is a result of 
delocalized 4d2 electrons associated with the Mo4+ cations.[28,29] 
Moreover, the calculations suggest that the optical absorption 
band observed at ≈350 nm in Figure 5b may be attributed to an 
interband transition from the Mo-t2g band to O-2p hybridized 
with Mo-d.

4. Conclusion

SrMoO3 films have been grown epitaxially on STO (100) sub-
strates by pulsed laser deposition with thicknesses ranging 
from 40 to 100 nm. Having studied the films by means of XRD, 
ellipsometry, DC resistivity measurements, we have found 
SMO to exhibit highly tunable optical properties as a result of 
controllable changes to the film lattice parameters. The films 
compare favorably to other plasmonic metals such as Au and 
TiN. DOS calculations confirm, in agreement with previous 

Adv. Optical Mater. 2017, 5, 1700622

Figure 4. Strain dependence of ENZ frequency in SMO films deposited 
on STO, MgO, and LAO.

Figure 5. Fitted and experimental data for real a) and imaginary b) parts of the dielectric constant of the 100 nm thick SMO film.
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publications, that the metallic behavior of SMO is a result of 
delocalized 4d2 electrons. As a result, we conclude that SrMoO3 
represents an extremely promising material for plasmonic and 
metamaterial applications, owing to its DC resistivity values as 
low as 100 µΩ cm, together with an epsilon near zero (ENZ) 
frequency tunable from 1.31 to 2.05 eV and favorable loss 
characteristics.

5. Experimental Section
The SrMoO3 source material was prepared from SrMoO4 powder 
supplied by Alfa Aesar (99.9% purity). The powder was ball milled at 
300 rpm for 20 h in isopropyl alcohol (IPA) before being placed in an oven 
at 60 °C overnight in order to evaporate the IPA. The resulting powder 
was then reduced in a furnace at 1400 °C for 10 h under 100 mL min−1  
gas flow of 5% H2 95% N2. The powder was pressed into a target 
(density of ≈6 g cm−3) and sintered at 1500 °C for 12 h under the same 
gas flow conditions.

All SMO films were prepared by pulsed laser deposition using a 
KrF excimer laser (240 nm). In each experiment the laser fluency was 
1.2 J cm–2, while the laser repetition rate was 8 Hz with a 10 s relaxation 
period allowed after every 20 pulses. The target material, SrMoO3, 
was held at a distance of 60 mm from the substrate and was rotated 
throughout the deposition process. All SMO films were deposited at 
vacuum conditions, ≈1 × 10−7 Torr, with the substrate held at a constant 

temperature of 650 °C. After each deposition process the samples were 
cooled in vacuum to room temperature at a rate of 10 °C min−1 before 
removal from the vacuum chamber. Single side polished 5 × 5 mm STO 
substrates were used with a thickness of 0.5 mm and (100) orientation. 
In the cases where SMO was deposited on LAO or MgO, the substrates 
were also 0.5 mm thick and (100) orientation.

All characterizations were conducted ex situ at room temperature. 
Film thickness measurements were conducted using a Dektak 150 
surface profiler. For X-ray diffraction measurements, a Bruker D2 
PHASER system was used with a Cu Kα wavelength of 1.54 Å. The out-
of-plane lattice parameters were subsequently calculated using the 
Nelson–Riley extrapolation function.[32] Where applicable, these values 
were used to calculate the in-plain lattice parameter using the known 
Poisson ratio of 0.271.[33]

The optical response of the samples was characterized using a 
complex dielectric function as described by Equation (1)[34]
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The first term, ε∞, quantifies the nonzero offset of the real part of 
the permittivity at high energies due to the residual polarization of 
the lattice atoms. The intraband response of the conduction electrons 
is characterized by a Drude model represented as a Lorentz oscillator 
centered at ω = 0. The broadening term, ΓD, expresses the electron 
scattering rate whereas the unscreened plasma frequency, ωpu, describes 
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Figure 6. Real a) and imaginary b) dielectric permittivity of 100 nm SMO sample, along with reference data for TiN[25] and Au.[24]

Table 1. Comparison of wavelengths at which Re(ε) = 0 and Re(ε) = −2 and the losses in each case for Au,[24] TiN,[25] and SMO.

Wavelength at which Re(ε) = 0 [nm] Im(ε) when Re(ε) = 0 Wavelength at which Re(ε) = −2 
[nm]

Im(ε) when Re(ε) = −2 ΓD [eV] ωpu [eV]

Au – – 465 5.4 0.047 8.9

TiN 475 2.5 525 2.4 0.165[26] 5.7[26]

SMO 605 1.8 757 2.5 0.325 3.7
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the natural oscillation frequency of the electron density independent of 
the screening potential of the bound electrons defined by Equation (2)

ω
ε

=pu
2

2

0
*

Ne
m  

(2)

Here, N denotes the charge carrier density, while m* gives the 
effective mass; ε0 and e represent the vacuum permittivity and electron 
charge, respectively. The final Lorentz oscillator terms of Equation (1)  
are defined by a strength, fj, damping factor, γj, energy, Eoj = ħωoj 
corresponding to interband electronic transitions.

The resistivity of the films was measured using the four-probe 
technique. AC Hall effect measurements were achieved using a Lake 
Shore 8400 Hall system with a field strength of 1.19 T and a current of 
15 mA. Optical characterizations were conducted using a J. A. Woollam 
Co. HS-190 ellipsometer at a 65°–80° angle of incidence. The optical 
constants of the STO and MgO substrates were considered known, 
while the properties of the SrMoO3, Au, and TiN films were directly fitted 
to experimental data using the point-by-point method.

All calculations have been performed using the CRYSTAL14[35,36] 
software package, based on the expansion of the crystalline orbitals as a 
linear combination of a local basis set (BS) consisting of atom centered 
Gaussian orbitals. The Sr, Mo, and O atoms are described by a triple 
valence all-electron BS: an 976-411d(51) contraction (one s, five sp, two 
d shells) an 976-311d(631) contraction (one s, five sp, three d shells) 
and an 8-411d(1) contraction (one s, three sp, one d shells), respectively. 
The most diffuse sp(d) exponents are 0.14508(1.5807) Bohr−2 for Sr, 
0.1424(0.1781) Bohr−2 for Mo, and 0.1843(0.6) Bohr−2 for O.[35]

Electron exchange and correlation are approximated using the HSE06 
range-separated hybrid functional.[37,38]

The exchange and correlation potentials and energy functional 
are integrated numerically on an atom centered grid of points. The 
integration over radial and angular coordinates is performed using 
Gauss-Legendre and Lebedev schemes, respectively.

A pruned grid consisting of 99 radial points 
and five sub-intervals with (146, 302, 590, 1454, 
and 590) angular points has been used for all 
calculations (the XXLGRID option implemented in 
CRYSTAL14). This grid converges the integrated 
charge density to an accuracy of ≈10−5 electrons 
per formula unit. The Coulomb and exchange series 
are summed directly and truncated using overlap 
criteria with thresholds of 10−8, 10−8, 10−8, 10−8, and 
10−16 as described previously.[36]

Reciprocal space sampling was performed 
on a Pack-Monkhorst net with a shrinking factor 
comparable to IS = 12 for the smallest cell of 
SrMoO3. The self-consistent field procedure was 
converged up to a tolerance in the total energy of 
Delta E = 10−7 Ha per unit cell.
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