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Abstract

Strontium molybdate (SrMoQO3) thin films are grown epitaxially by pulsed laser
deposition onto gadolinium scandate (GdScO3) substrates and characterized in the
terahertz (THz) and visible part of the electromagnetic spectrum. X-ray diffraction
measurements prove a high crystallinity and phase-pure growth of the thin films.
The high-quality StMoOs thin films feature a room temperature DC conductivity of
around 3@. SrMoOs; is characterized in the THz frequency range by time domain
spectroscopy. The resulting AC conductivity is in excellent agreement with the DC
value. A Lorentz-Drude oscillator approach models the THz and visible conductivity
of StMoO3 very well. We compare the results of the StMoQOj thin films to a standard,
sputtered gold film, with a resulting THz conductivity of Smlz_m' The comparison
demonstrates that oxide thin film—based devices can play an important role in future
THz technology.

Keywords SrMoOs - GdScOs - Perovskite - Conductive thin film -
THz spectroscopy

1 Introduction
The vast variety of functional properties make the material class of perovskite

oxides and related structures predestined for realization of all-oxide epitaxial metal-
insulator-metal (MIM) heterostructures in high-frequency microelectronic devices.
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The epitaxial nature of such heterostructures allows lower defect densities and there-
fore enhanced functional properties in comparison with polycrystalline thin films.
Interface engineering at the atomic level and precise stoichiometry tuning of the
layers in MIM varactor heterostructures enable improved functional properties of
the materials such as high electric conductivity of oxide electrodes and high tun-
ability of the dielectrics [1, 2]. Moreover, all-oxide epitaxial MIM heterostructures,
including structurally compatible high-temperature superconductors, can be used for
realization of novel thermally tuned THz metamaterials [3, 4].

For all-oxide MIM heterostructures, the cubic perovskite oxide STMoO3 (SMO)
is the material with the highest conductivity of any perovskite reported so far [1, 5].
The partially reduced Mo** B-site cation provides a high concentration of charge
carriers in the material, resulting in a room temperature conductivity of 20@ for
an SMO single crystal [6]. This value surpasses even conventional electrode metals
like platinum. So far, SMO thin films have been characterized in the DC, microwave,
and visible frequency range [5, 7, 8]. Measurements of the specific heat indicate
an increased effective mass of m} = 2.0...2.6my, in comparison with the values
from band theory, my, [9, 10]. The increased m} in combination with the high elec-
trical conductivity makes SMO an interesting candidate for application in plasmonic
devices or transparent conductors [8, 11].

This paper aims at the characterization of SMO conductivity in the yet unexplored
THz range up to the visible electromagnetic spectrum in order to facilitate novel
THz devices based on perovskite oxide thin film heterostructures. For that purpose,
high-quality, single-crystalline SMO epitaxial thin films are deposited onto GdScO3
substrates (GSO) by pulsed laser deposition. We measure the AC conductivity of the
SMO films in the THz and visible domain and compare it to literature values for the
microwave frequency range. Furthermore, we compare the AC conductivity of the
SMO thin film to the AC conductivity of a sputtered gold film.

2 Theoretical Background

The AC conductivity of the thin films is characterized in a THz transmission config-
uration. Dividing the electrical field transmitted through the thin film and substrate
E r¢ by the electrical field transmitted through the substrate E yields the film trans-
mission t = Eyg/E. Attenuation and time delay of the electrical field result in a
complex relative transmission ¢. The AC conductivity o of a highly conductive thin
film on an interface between air and a substrate can be extracted using Tinkham’s
formula [12-14] from the film transmission, ¢, with a substrate with refractive index

of ngso, yielding

ngso +1 (1

G——Zod (;-i-l), (1)

where Z is the free-space impedance and d the thickness of the thin film. In the

THz-domain, the simple Drude model can describe most features of conductors [13,

14]. The THz conductivity of SMO can also be described by the simple Drude model:
Gowiofo
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For taking both optical and THz data into account, a single oscillator at DC, how-
ever, is usually insufficient. Therefore, we model the general frequency response
of the SMO films by a composition of a Drude term (index “0”), representing the
response of the material in the THz domain, and a Lorentz-Drude term (index “1”)
for a resonance at an (angular) frequency of o, leading to

2 2
€070 €0w,, T1

3

o= s

l—itpw 1—it(w —w%/a))
with the plasma frequencies w0 and w,, the scattering times 7o and 71, respectively.
For vanishing oscillator strength eowilrl — 0, the second term also vanishes and a
pure Drude model is obtained.

To account for localization effects, the Drude model can be extended to the Drude-
Smith model. The conductivity of nanometer-scale gold films can be described very
well with the Drude-Smith model in the THz domain [15, 16]. The Drude-Smith
model is a modification of the bare Drude model and includes non-isotropic back-

scattering of carriers,
E()CL);;OT() c
o= 1+ , 4

T l—itw 1 —itw

where ¢ describes the persistence of velocity [15]. The parameter ¢ ranges from ¢ =
—1 for full carrier backscattering to ¢ = 0 for isotropic backscattering. For ¢ = 0,
Eq. 4 becomes a Drude model.

For optical measurements, it is often imperative to also evaluate the complex
refractive index, i = n + ik, and the complex dielectric permittivity, € = ¢’ + ie”.
The dielectric permittivity is directly linked to the conductivity by

o

)

€ = €co — ; >
LWE(

where €4, is a constant, taking influences of resonances at frequencies much
higher than the inspected frequency range into account. For ordinary materials,
€c0 > | in the visible, Terahertz, and microwave range. The complex refractive index
is the square root of the dielectric permittivity, yielding

:i: /
n,fc:\/'e'TE ©)

[T

where the “+” sign is for the refractive index, n, and the “—” sign yield the
extinction coefficient, «. In the DC limit (w — 0), the Lorentz oscillator term for
the conductance in Eq. 3 diminishes, proving that a simple Drude model is usu-
ally sufficient to describe the low frequency behavior. In the low frequency limit

(0 K7y t T 1, the dielectric permittivity resulting from Eq. 3 becomes
2 2
w W T0
pl PO
€=¢€ot—5 —————, 7)
o i+ o’ (
i.e., the Lorentz oscillator term yields an offset that is usually swallowed in

2
@ . . .
€L, = €00 + wizl. It further explains why far away from any resonance, the dielectric
1
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Fig. 1 Broad-range 6-20 XRD pattern of 20-nm and 40-nm SMO films on GSO. Only GSO substrate
peaks and 001 SMO peaks from phase-pure (001)—oriented SMO films are observed

permittivity and, hence, the refractive index in the THz domain are usually larger than
those in the optical domain. The Drude response survives and diverges for « — 0,
due to a constant, non-zero DC conductance, opc = 600)?,070-

3 Crystal Structure and DC Electrical Properties

SMO thin films were epitaxially grown by pulsed laser deposition (PLD) onto
5 x 5mm? (110)—oriented GSO substrates with a pseudocubic lattice constant of

(a) (b)
— 40 nm SMO on GSO
GSO L—— 20 nm SMO on GSO

' SMO 002—

log intensity (a.u.)
log intensity (a.u.)

42 44 46 48 -0.5 0 0.5
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Fig. 2 X-ray diffraction of a 20-nm and a 40-nm SMO thin film on 0.5-mm- and 0.2-mm-thick GSO
(110) substrates, respectively. (a) 26 — 0-scan of the SMO 002 reflection. The sharp peak on the right is
accounted to the 220 reflection of the GSO substrate. (b) w-scan (rocking curve) of the SMO 002 reflection
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a* = 3.967 A. The details on the deposition conditions have been reported previ-
ously [7]. The structural quality of the SMO films was verified by X-ray diffraction
(XRD) measurements, using a Rigaku SmartLab diffractometer in the parallel-beam
geometry, equipped with a 2 x Ge(220) monochromator.

Broad-range 26 diffraction patterns of the prepared samples in Fig. 1 show only
GSO substrate peaks and 00/ SMO peaks from phase-pure (001)—oriented SMO
films. The 0/26-scans near the 002 SMO peak of the films are shown in Fig. 2a.
Due to the lattice mismatch of 0.2% to the GSO substrate and the resulting in-
plane epitaxial compressive strain, the SMO films have a c-axis lattice parameter
of 3.988 A (3.990 A) for the 20-nm- (40-nm)-thin film, determined by the Nelson-
Riley extrapolation function. This value is slightly larger than the bulk value of
asmo = 3.974 A. The pronounced Laue oscillations near the 002 SMO peak indicate
a high crystallinity of the films (Fig. 2a). The measured period of the Laue oscilla-
tions corresponds to a SMO film thickness of 19.88 £ 1.68 nm (40.43 % 0.59 nm).
The rocking curve (w-scan) of the 002 SMO peak in Fig. 2b is narrow and shows a
full width at half maximum (FWHM) of 0.05°, which is limited by the used X-ray
beam monochromator. A similar small value has been measured for the 220 peak of
the single-crystalline GSO substrate, indicating a low defect density in the SMO thin
films and, therefore low mosaicity of the crystal structure.

The DC conductivity and electric properties of the SMO films were measured
using a Physical Properties Measurement System (PPMS) by Quantum Design, sup-
plemented with a current source 6221, nanovoltmeter 2182a, and matrix switch
system 7001 by Keithley. The Hall voltage Uy was measured with the van der Pauw
method, with gold electrodes sputtered on the sample corners. Uy was calculated
by averaging the Hall voltages at positive and negative magnetic fields, in order to
eliminate offsets in the measurement. The determined charge carrier density n, =

(a) (b)

! 40mm smo | ° ' '
g 20 nm SMO | s |
S 67
§ -10 |
e =
2z T 20t
= 4t - 20
g 25
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Fig. 3 (a) Temperature dependence of DC electric conductivity of the SMO thin films. (b) Hall voltage
Up versus magnetic field at 300 K. Uy was calculated by averaging the Hall voltages at positive and
negative magnetic fields
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3.67 x 10%2 cm™3 is slightly higher than the theoretical value of 3.18 x 10?2 cm™3,
which corresponds to 2 e~ per formula unit coming from the 4d” configuration of

Mo**. The Hall mobility of 4.55% (4.32% for 20 nm) is, as expected, lower than
in d! metals such as SrVO3; and SINbO;3 [17, 18] (Fig. 3).

4 Results and Discussion

The THz characterization of SMO (performed on the 20-nm-thin film) was carried
out with a pulsed 1550-nm time domain spectroscopy (TDS) system with a photo-
conductive THz source and receiver from Menlo Systems/Fraunhofer Heinrich Hertz
institute in a transmission configuration, similar to the one used in [19]. The system
uses a 90-fs laser pulse at a repetition rate of 100 MHz, generating THz frequencies
up to about 5 THz. The TDS measurement is repeated by mounting and unmounting
the sample on a 4-mm aperture with a reference measurement in between to ensure
reproducibility. The resulting conductivity is averaged over the number of repetitions.
Fig. 4 shows the corresponding THz spectra of a single transmission. A Hamming
window in time domain removes multiple reflections in the 0.2-mm substrate in the
data analysis. The spectrum of the corresponding uncoated reference GSO substrate
for the gold film measurement with a slightly thinner thickness is omitted in Fig. 4
for better readability. Due to absorption and reflection losses of the samples, useful
data are only recorded up to about 2.2 THz. Data below 200 GHz were discarded as
the error of TDS data increases towards DC. First, the refractive index of the GSO
substrate, ngso, is determined from the time delay of the substrate. The imaginary
part of the Fresnel transmission factors caused by the imaginary part of the refractive

10° ¢
s 107!
&
he]
=0
<
2
i=) empty setup
8,93k |—@so
m ——— SMO+GSO

—— Au+GSO
10—4 I I 1
0.5 1 15

Frequency (THz)

Fig. 4 Measured THz spectra of the empty setup (dashed blue lines), GSO substrate (solid blue lines),
SMO film on GSO substrate (red lines), and gold film on GSO substrate (black lines). Each measurement
is repeated twice by mounting and unmounting of the sample to evaluate systematic errors and repro-
ducibility. The conductivity was extracted between 0.2 and 2.2 THz, where the repeated measurements
show almost perfect coincidence with a relative error below 7%
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index, kGso, is marginal in comparison with the phase gain in the dgso = 0.2 mm
substrate. The change in amplitude contains information about the reflection and
the absorption coefficient, « = 4wk /XA, where A is the (vacuum) THz wavelength.
Second, the sample with the highly conductive SMO film is measured. The relative
transmission, ¢, allows to calculate the conductivity with Eq. 1.

For a completion of the measurements on the upper end of the frequency range, we
characterized SMO also in the visible spectrum. This measurement was performed
on the 40-nm sample which had the same electric and structural properties as the
sample used for the previous measurement, as can be seen from Figs. 2 and 3. In
contrast to the THz measurements, power quantities instead of field quantities are
measured. An Agilent Cary 7000 spectrometer is used to measure the normal power
transmission 7 and reflexion R under an angle of & 6°. The refractive index is
calculated numerically, taking the refractive index of the GSO substrate into account.
Dividing the power transmitted through the thin film and substrate Py through the
power transmitted through the substrate Py yields the relative transmitted power T =
Pyg/ Ps.

The refractive index of the GSO substrate calculates ton = 4.7 0.3 and « =
0.10 £ 0.08 from 0.2 up to 2.2 THz and n = 2.1 £ 0.1 in the visible part of the
electromagnetic spectrum (shown in Fig. 5).

In the THz domain, both the real and imaginary part of the refractive index of
SMO and Au are large as compared to the GSO substrate, due to the high conduc-
tivity of the materials. In the visible part of the spectrum, GSO features a vanishing
imaginary part of the refractive index; i.e., it features a very low loss that is at the res-
olution limit of the system. Similarly, the extinction coefficient, x, of SMO is about
4 orders of magnitude smaller in the visible and decreases with a power law oc f~9
with increasing frequency. For the 40-nm film, the absorption, A is about 26% at a
wavelength of 800 nm and decreases to 16% at 400 nm. Therefore, SMO qualifies

10° ¢ : ; :
¥ Q.__h ——SMOn
e o] == - - - - SMOk| ]
g 107§ Aun | 3
gj -=-=-=-Aux
2 o0 ———GSOn | |
z :
g ]
5 100 F E
i r N |
N \\ 1
10—1 . M | . MR | . MR | . R ...‘T\‘L
107! 10° 10! 10 10°

Frequency (THz)

Fig.5 Real (imaginary) part of the refractive index, n («), in the THz and visible part of the spectrum for
the SMO and Au thin film (red and black) and the GSO substrate (blue)
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Fig.6 Real (solid line) and imaginary part (dashed line) of the conductivity of SMO in the THz and visible
part of the spectrum. The real part of the conductivity is extended by microwave data from ref. [7] where
a SMO thin film with comparable physical properties in a coplanar waveguide geometry was used for
measuring the AC conductivity. The Lorentz-Drude model is fitted to the THz and visible spectrum (blue
curves)

well for transparent electrodes in the visible domain. The real part of the refractive
indexn ~ 2.1...2.9 of GSO and SMO is very similar in the visible frequency range.

Figure 6 shows the extracted conductivity for SMO in the THz and visible part
of the spectrum. Additionally, the graph includes data from the GHz range for a
SMO thin film [7]. The THz conductivity on the low frequency end and the GHz
conductivity show very good agreement, with only about 10% higher conductivity of
the film in the GHz range. As the film measured in the GHz regime had a thickness
of about 150 nm, it can be concluded that confinement effects caused by ultra low
film thickness play only a minor role [8]. There is also very good agreement of the
THz conductivity o = 3.1 + O.Sﬁ and the DC conductivity opc = 2.7@ for
the 20-nm SMO film (cf. Fig. 3).

In order to extract the material parameters, the complex conductance was fitted
with Eq. 3. At first, the Drude model Eq. 2 is fitted to the THz data only where
the Lorentz term of the conductance is negligible and shows good agreement. The
extracted parameters of the SMO film are a plasma frequency of w,o = 27 - (760 &+
100 THz) and a scattering time of 7p = 15.5 £ 4 fs. A fit to the Drude-Smith model
Eq. 4 results in the same parameters as the Drude model with ¢ = 0, indicating no
localization effects.

Subsequently, the complete data set of THz and visible conductivity is fitted with
the full Lorentz-Drude model of Eq. 3, while keeping the parameters obtained from
the THz fit constant. This yields for the resonance frequency w; = 27 - (540 £
30 THz), wp1 = 2m - (470 £ 100 THz), and 71 = 1 £ 0.7 fs. As no resonance
is observed in the measured visible spectrum, the amplitude 'Eoflwf,] of the fitted
Lorentz oscillator in the visible domain is two orders of magnitude smaller as the
resonator of the pure Drude model. Therefore, the fits of the Lorentz contribution
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also show large errors. Despite its small amplitude, the Lorentz oscillator allows for
a better fit in the visible domain and a comparison with literature.

The Drude term is in agreement with the study of Wells et al. for a Lorentz-Drude
fit to the visible and near infrared (NIR) part of the spectrum of a 100-nm SMO thin
film on a SrTiO3 substrate with w,o = 27 - 890 THz (=3.68 V) and 7o = 12.7 fs
(=0.325 eV) [11]. The DC conductivity of the Drude model in ref. [11] is therefore

Ops0 = Gwa,oT = 3'5M2;m' However, the measured DC conductivity of the SMO

film in ref. [11] is opc = lﬁ’ indicating a different defect structure as compared
to the films reported in this paper.

Furthermore, the Lorentz oscillator parameters differ. Wells et al. reported values
of wp1 = 2m-848 THz (=+/3.65x 1.8345eV), w| = 27 -444 THz (=1.8345eV), and
71 = 215 (=2.065 eV), i.e., a 1.6 times higher resonance frequency than found in this
study. In a review article, Doiron, Mota, Wells et al. reported values of tp = 11.8 {5,
w1 =27 -428 THz (£1.77eV) and, t; = 3.9 fs (£1.06 V) [20]. The different values
of the additional Lorentz oscillator can be accounted to the much thicker 100-nm
SMO layer used in the mentioned study by Wells et al. that shows a clear resonance
in the spectroscopic measurements [11]. For a 40-nm SMO thin film, no resonance
is observed in the visible part of the spectrum both in this study (shown in Fig. 6 and
in ref. [11]).

The THz conductivity of a sputtered Au film (20 nm thickness) on GSO is shown
in Fig. 7. The fitted Drude-Smith model with the parameters w, = 27 - (2000 £
300 THz), T = 13.4+5 fs, and ¢ = —0.6£0.1 shows good agreement with literature
[15, 21]. The negative ¢ parameter indicates a reduced film quality which fits to the
fact that the film was sputtered at room temperature and is non-crystalline. Further-

more, the absolute conductivity is also smaller than the bulk conductivity of 45;ﬁ

while the recorded real part of the conductance of 6,, = 8.0+ 1.3 ;ﬁ is in excellent

10 " T " " T T
= .| /z—:
C} —_
3 B Au
4 6 / Tre
: —_—— — Uim Au
% 4r _ O DrudeSmith
22 === i =~ = — — — .0._ DrudeSmith
’; [ ~ - m
*g o ____= T~ __
E TT=-Fs
S -2r 7
@)

_4 1 1 i L H 1 L 1 1

0.4 1 2
Frequency (THz)

Fig. 7 Real and imaginary conductivity (solid and dashed red line) of Au in the THz and visible part of
the spectrum. The Drude model is fitted to the THz spectrum
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agreement with that of high-quality films from the literature with o,, = 8uslz_m for
12 nm Au [15]. A zero-crossing of the imaginary part, o;,,, indicates a localization
of the charge carriers and is also observed for an even thinner, 6-nm Au film in liter-
ature [15]. We note, however, that the error of ¢}, increases towards 2.2 THz due to
the lower signal to noise ratio of the transmission through the substrate. The decrease
of conductivity below 400 GHz is not expected and can be accounted to spatial non-
uniformity and imaging aberrations by the sample aperture, as the spot-size of the
THz beam is larger at lower frequencies.

5 Conclusion and Outlook

The AC conductivity of high-quality, epitaxial StMoO3 (SMO) thin films has been
characterized in the THz and visible part of the electromagnetic spectrum, completed
by data from the microwave range and DC values. SMO features a conductivity com-
parable to those of the most conductive metals, even for films as thin as 20 nm. The
conductance of SMO is only about 2.3 times smaller than that of a sputtered gold
thin film of same thickness, about 12 times smaller than that of the literature value of
bulk gold, and about 30% higher than that of the bulk value of titanium (2.5 L) An

n2m
integration of highly conducting SMO electrodes with structurally compatible per-

ovskite materials with tunable band gap (e.g. SrTiO3 and Ba, Sr;_, TiO3) potentially
allows all-oxide devices in the THz range.
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