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Abstract:
Superlenses create sub-diffraction-limit images by reconstructing the evanescent fields arising from an object. We study the lateral,
vertical, and spectral field distribution of three different perovskite-based
superlenses by means of scattering-type near-field microscopy. Subdiffraction-limit resolution is observed for all samples with an image
contrast depending on losses such as scattering and absorption. For the three
lenses superlensing is observed at slightly different frequencies resulting in
an overall broad frequency range of 3.6 THz around 20 THz.
© 2011 Optical Society of America
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1.

Introduction

Metamaterials show many faszinating optical properties [1] such as negative refraction [2–4],
optical cloaking [5–9] and perfect imaging with planar superlenses [10–13]. In the last decade,
such materials have been designed for different frequencies ranging from Gigahertz [14] via
Terahertz (THz) [15] up to optical frequencies [3, 16]. On the other hand, perovskites exhibit
many intriguing properties such as piezoelectricity and ferroelectricity [17], colossal magnetoresistance [18], and superconductivity [19], that lead to numerous applications [17, 20, 21].
In the mid-infrared range, pairs of certain perovskites show permittivities that are suitable for
a superlens for electric fields [22]. In this paper, we discuss the performance of three different
perovskite-based superlenses. These lenses together show a resonant response with a bandwidth
of 3.7 THz at around 20 THz, which we study by means of near-field infrared microscopy in
combination with a free-electron laser.
A planar slab of a material with negative refractive index acts as a superlens [10]: propagating
and evanescent waves arising from an object on one side of the lens are focused in the image
plane on the opposite side, resulting in a resolution beyond the classical diffraction limit of λ /2.
In order to achieve negative refractive index, a material needs to show negative permittivity
and permeability at the same frequency [1]. Such properties are not observed in any natural
material, but they can be created in periodical arrays of artificial structures such as split-ring
resonators in combination with metallic wires [2, 23]. However, a planar slab of a material with
negative permittivity only (see Fig. 1a), which can naturally be found in many materials at
certain frequencies, does not focus propagating waves, but it still reconstructs the evanescent
electric fields that carry the intriguing sub-wavelength information about the object [10–13].
Pairs of different perovskites are in particular suitable as superlenses for several reasons [22]:
firstly, perovskite oxides show phonon-resonances in the range of 1 to 25 T Hz, which result in
negative permittivities on the high-frequency sides of some of these resonances [24–26]. As
the crystal structures of different perovskites are similar (Fig. 1b), they show phonon modes
at similar frequencies (Fig. 1c). Consequently, at certain frequencies we find matching pairs of
materials A and B with small dielectric constants of opposite signs, which fulfill the superlensing condition of εA = −εB (Fig. 1d). Secondly, at the frequencies of interest the corresponding
imaginary parts are small resulting in small absorption of the materials. Moreover, the similarity in crystal structure allows for the growth of epitaxial heterostructures resulting in low
scattering at highly crystalline interfaces. Together, small absorption and low scattering lead to
low losses, which is in general a limiting factor of metamaterial structures.
In this paper, we compare three different superlenses made out of different pairs of perovskite
oxides such as strontium titanate (STO), bismuth ferrite (BFO), and lead zirconate titanate
(PZT) concerning resolution, image contrast, and frequency range.
2.

Experimental methods

We study vertically layered lenses, which consist of (1) structured objects made out of the
metallic perovskite strontium ruthenate (SRO) on STO substrates, (2) a spacer layer A of BFO
or STO with εA ∼
= +1 and (3) a superlens layer B of STO or PZT with εB ∼
= −1 at the frequencies of interest (see Fig. 1a). All films are grown by means of pulsed laser deposition (PLD)
resulting in highly crystalline films with atomically flat interfaces (see [22]). We study three
different lenses with the two layers A-B being BFO-STO, PZT-STO, and BFO-PZT, which fulfill the superlensing condition εA = −εB at different frequencies in the range from 19 to 23 T Hz
(Fig. 1d).
In order to excite and study the evanescent waves in the image plane of the lenses, we combine a scattering-type near-field infrared microscope (s-NSIM) [27–29] with the free-electron
laser (FEL) light source at Forschungszentrum Dresden Rossendorf, Germany, which is pre#149016 - $15.00 USD
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Fig. 1. s-NSIM setup and perovskite properties. (a) Sketch of the experimental setup including the superlens structure, the geometry at the near-field probe, and the free-electron
laser light source [22]. The superlenses consist of two layers A and B of thicknesses d and
2d (d=200 nm), respectively, with A-B being BFO-STO, PZT-STO, or BFO-PZT. As for
objects, we study structured SRO on a STO substrate. (b) Perovskite structure of the materials used with lattice constants in Å determined by X-ray diffraction; (c) imaginary and
real parts of the dielectric constants ε of all constituents taken either from literature (for
BFO, STO, and PZT [24–26]) or determined by Fourier transform infrared (FTIR) spectroscopy (for SRO, see [22]); (d) real parts of the dielectric constants at the high-frequency
side of their phonon resonances depicted in c. The arrows indicate the frequencies at which
superlensing is expected for superlens systems with A-B being BFO-PZT, BFO-STO, and
PZT-STO (from small to large frequencies), whereas the green box highlights the area of
a phonon-enhanced near-field signal in the top-most layers STO and PZT. (Figure adapted
from [22])

cisely tunable from 1.2 to 75 T Hz (Fig. 1a) [30, 31]. This combination allows us to probe
the evanescent waves in the image plane of the lens and to study their spectral behavior [22].
Moreover, as the basis of the microscope is an atomic force microscope, we are able to probe
the vertical and lateral distribution of the optical signal as well of the topography of the sample.
In general, with NSIM one measures localized electric fields such as evanescent waves by
placing a near-field probe close to a sample surface [27–29]. We use the method of higherharmonic demodulation [32–34] in order to separate the near-field (NF) from the much larger
background signal: the probe-sample distance is modulated resulting in an enhanced sensitivity
to strongly varying fields such as evanescent waves. These fields can be enhanced resonantly
by nonlocalized polariton modes in the sample or due to the superlensing effect.
For the perovskite-based lenses we observe polariton-enhanced near-field signals on the highfrequency side of the phonon-resonances, where ℜe(ε ) = −5 to −1 (see box in Fig. 1d) [31,35].
The specific spectral position of these resonances depends on the probe-sample distance h with
decreasing resonance frequency for smaller distances [33, 36] and show maxima of different
phases in different higher-harmonic demodulation frequencies. As the origin of this resonantly
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enhanced near-field is a nonlocalized polariton mode, it is present on all areas of the samples.
Particularly, it does not carry any information about the SRO objects on the opposite side of
the lens. However, on areas with SRO objects, we observe an additional contribution to the
near-field signal due to the superlensing effect, which is located at slightly higher frequencies
than the propagating polariton mode, namely, when εB = −εA (see arrows in Fig. 1d). Here,
on both interfaces of layer B coupled polariton modes are excited which result in the localized
evanescent fields that form the superlens image [10–12, 22].
3.

Near-field imaging of perovskite-based superlenses

In the following we compare the near-field signals of three different perovkite superlenses as
well as of SRO objects without a superlens (Fig. 2). For all superlenses we observe a clear
object-related contrast with sub-diffraction-limit resolution when εA = −εB . In addition, we
show the topography images on the examined areas (Fig. 2, column 1) and the distance dependence of the near-field signals (Fig. 2, column 2). Here, we focus on the comparison of
different perovskite superlenses. For a more detailed discussion in particular of the near-field
examination of superlenses please see [22].
For metallic SRO no polariton-enhanced signal is expected as Re(εSRO ∼
= −150  −5) in the
measured frequency range. The third-harmonic near-field signal NF3Ω is the same over a wide
frequencies range and decreases to zero within a distance of 300 nm reflecting its evanescent
character (Fig. 2a, second column). The images shown are measured with a CO2 laser with a
frequency of 28.3 THz. However, we expect a similar response at shorter frequencies in general,
except for some geometrical resonances due to antenna effects as known from plasmonics [22,
37]. We compare the second and third harmonic signals, NF2Ω and NF3Ω , on a given structure.
In both harmonics, the near-field signal is enhanced on the SRO objects. The signal on 50 nm
thick objects is rather weak and, hence, the signal-to-noise ratio is low. Consequently, in NF3Ω
the structure is hardly visible.
Compared to the plain SRO objects the topography of all superlenses is rough (see Fig. 2b-d,
first column) with grains, which depend on the condition of growth in PLD. In particular the
PLD-growth condition for the superlens consisting of PZT and STO are not ideal: the growth
temperature for STO is so high, that the PZT layer would be damaged. Consequently, the STO
layer needs to be grown at a lower temperature resulting in a rough surface as can be seen in
Fig. 2c. Please note that these grains are only present on the surface of layer B, but not at the
A-B interface, as we know from in-situ reflection high-energy electron diffraction (RHEED).
In general, these problems can be overcome in using other growth techniques such as chemical
vapour deposition or sol-gel growth, which are both in addition suitable for growth of thick
films and large samples but result in a lower crystalline quality of the films. However for the
BFO-PZT and BFO-STO superlenses, the temperature problem does not occur and the surface
appears comparably smooth.
Both effects described above, polariton- and superlens-enhanced signals, result in a resonant
response of the superlenses. The latter appears on the SRO objects only and at somewhat larger
frequencies. We compare the distance dependence of the third-harmonic signals NF3Ω on both
areas shown in the second column of Fig. 2. Even though we probe the objects at a distance of
600 nm, NF3Ω on all superlens structures is much higher than the corresponding signal on the
SRO objects only. For BFO-STO we observe the strongest enhancement of about 10 times the
SRO response. Please note that this number can only be a qualitative figure as the samples were
measured with different probes. At frequencies much shorter than the superlensing frequency,
NF3Ω is similar on areas with and without SRO object. At larger frequencies the signals show
a different distance dependence, which is present on the SRO objects only.
Even though the propagating polariton enhances the near-field signal it is not localized and
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Fig. 2. Near-field images of different superlenses. For different sample types, we show
(from left to right): topography images (scalebar is 10 μ m), third-harmonic near-field signal
NF3Ω as a function of the distance h (vertical offset added for better visibility, dashed lines
show NF3Ω = 0), and near-field images showing NF2Ω or NF3Ω at two selected frequencies (same color range) at which either the phonon-enhanced signal (left) or the superlensenhanced signal (right) dominates. (a) SRO objects only, distance dependence measured
with FEL, near-field images with CO2 laser. (b)-(d) Different types of superlenses. On areas with and without SRO objects on the opposite site of the lens (see Fig. 1a), we observe
different distance dependences: at low frequencies, the phonon-enhanced signal is present
on all areas of the sample, whereas at high frequencies localized fields are present only
on SRO objects due to the superlensing effect. At these frequencies, we observe a clear
contrast with sub-wavelength resolution (images on the far-right). Please note that for the
BFO-PZT superlens (d) the phase of the superlens contribution is opposite to the phase of
the phonon-enhanced signal resulting in an inverted contrast.
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will not create an image correlated to the SRO objects. Hence, we expect an enhanced contrast
with sub-diffraction-limit resolution only when superlensing occurs. The near-field images on
the right hand side of Fig. 2 show the signal when either exciting the propagating polariton
mode (left) or the localized polariton modes resulting in superlensing (right). For the first case,
the structures appear blurred with a slightly larger signal on areas with objects due to scattering.
However, at larger frequencies, a clear contrast can be observed, which reproduces the shape of
the objects.
In order to determine the resolution of the superlenses, we compare the smallest structures
resolved in the near-field image with their lateral size in the topography. These are at least
as small as 0.75 μ m for BFO-STO and 1 μ m for PZT-STO and BFO-PZT corresponding to a
resolution of λ /20, λ /14 and λ /15, respectively. Please note that the resolution of the superlens
might be much higher, but scattering at the topography edges makes it impossible to define a
resolution by means of the signal change at a steep edge, which is commonly used in scanning
probe microscopy.
4.
4.1.

Spectral response of perovskite-based superlenses
Numerical simulations: transfer functions

The performance of a superlens can be described by its transfer function, that is the transmittance |T |2 through the lens as a function of the wavenumber k. For superlensing, the evanescent
waves are enhanced over a large range of k vectors, that allow for the formation of a subdiffraction-limit image. Here, the isothermal contour of the transmittance show an extended tail
towards large k.
In Figure 3, we compare the transfer functions for the three different perovskite-based superlenses. We find the highest k-vector ranges at 21.7 THz, 22.5 THz, and 20.1 THz for the
BFO-STO, PZT-STO, and BFO-PZT superlenses, respectively. These findings match well the
prediction by the simple SL-condition of εA = −εB as indicated by the arrows in Fig. 1d. Moreover, we find that the BFO-STO superlens shows the largest bandwidth in terms of the largest
frequency range with supported high k.
4.2.

Near-field spectroscopy on perovskite-based superlenses

We experimentally compare the spectral response of the superlenses based on different perovkites for different distances h between probe and sample surface (Fig. 4). For each lens type,
third-harmonic signals NF3Ω on areas with (red) and without (green) SRO object are shown as
well as the dielectric constants of its constituents for comparison. For all lenses, we observe a
modified signal on the SRO objects at frequencies where the dielectric constants of both constituents have different signs. This response characteristically shifts towards larger frequencies
with increasing h, which is discussed in detail in [22] and which is related to the frequency
shift of polariton-enhanced near-field coupling as discussed in [36]. Due to different values
of Re(εA ) and Re(εB ) the different samples show superlensing at slightly different frequency
ranges reaching from 19.2 to 22.2 THz for BFO-STO (Fig. 4a), 19.5 to 22.2 THz for PZT-STO
(Fig. 4b), and 18.6 to 21 THz for BFO-PZT (Fig. 4c).
As described above, we observe two contributions to the near-field on the perovskite-based
superlenses, namely polariton- and superlens-enhanced signals. As both signals are resonant at
slightly different frequencies and with different phases, we observe constructive and destructive
superposition of both (see [22] for details). For BFO-STO and PZT-STO, a decreased signal is
observed e.g. at h = 50 nm for f < 20.3 THz and f < 20.5 THz, respectively, whereas for larger
frequencies, the near-field is increased (see Figs. 4a,b). For the BFO-PZT superlens (Fig. 4c)
both resonances are spectrally located closer to each other compared to the other superlenses,
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Fig. 3. Transfer functions for the three different perovskite-based superlenses, namely (a)
BFO-STO, (b) PZT-STO, and (c) BFO-PZT. The transmittance |T |2 is shown as a function
of frequency f and wavenumber k using materials properties from literature [24, 25, 38].
For each superlens, we show (from left to right): 1. sketch of the superlens, 2. isothermal
contour of the transfer function (the white line is the light line), and 3. the transmittance
as a function of the tangential wave vector up to 10k0 for the corresponding superlensing
frequencies (peaks at kt = k0 correspond to total internal reflection). For the latter, we
compare the response of the superlens (blue) with the response of a reference sample (red)
for which layer B consists of material A.

resulting in a reduced signal on the SRO objects for most distances and frequencies. Only for
h = 0 nm, we observe a small increase at frequencies between 20.4 and 21.4 THz.
It is absorption and interface roughness that determine the strength of the near-field signals
and the image contrast of the lenses. Highest absorption is observed for the BFO-PZT superlens
with ℑm(εPZT ) reaching 2, whereas the lenses with an active layer of STO show a highest
absorption of 0.7 in the range of interest. On the other hand for the PZT-STO superlens the
interface roughness is higher due to the growth conditions as discussed above, which results in
higher loss due to interface scattering. The comparison of the signal strength on the different
types of superlenses is shown for h = 0 nm in Fig. 5. The BFO-STO superlens shows the highest
signal as well as the broadest bandwidth ( f = 19.2 to 21.45 THz). The signal strength for the
PZT-STO and the BFO-PZT superlenses are decreased by a factor of about 2.5 and 5 with their
frequency range located at f = 20.1 to 21.75 THz and f = 18.6 to 20.4 THz, respectively. Please
note that, compared to absorption losses, the high roughness and the corresponding scattering
losses of the PZT-STO superlens have a rather small effect on the signal strength and image
contrast. Hence, it seems to be material absorption rather than surface quality that is the key
parameter for designing an efficient superlens.
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Fig. 4. Near-field spectroscopy on three different samples. We compare the spectral nearfield response on areas with (red) and without (green) SRO objects for three different superlenses. The highlighted areas mark the additional fields on the SRO objects due to the
superlensing effect, which is present when the real parts of the permittivities of the layers A
and B have opposite signs (theoretical position marked with arrows in the Re(ε ) diagrams).
For different types of superlenses, this response is located at slightly different frequencies
with different bandwidth. It characteristically shifts to larger frequencies with increasing
distance h between probe and sample surface [22]. (a) BFO-STO superlens, (b) PZT-STO
superlens, and (c) BFO-PZT superlens.

Fig. 5. Comparison of the near-field spectra on all lenses for h = 0 nm with the same
NF3Ω -scale. The BFO-STO superlens shows the highest signal, whereas it is decreased
for PZT-STO and BFO-PZT due to interface roughness and higher material absorption,
respectively.
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5.

Conclusion

We examined the near-field of three different perovskite-based superlenses. At the superlensing
frequencies, we observed an image of structures on the opposite side of the lens with a resolution beyond the classical diffraction-limit. Different pairs of perovskites show slightly different
spectral positions and bandwidths of the superlensing frequencies.
With the three different lenses studied in this paper, a frequency range from 18.6 to 22.2 THz
is covered corresponding to an overall bandwidth of about 3.6 THz. Other pairs of perovskite
oxides or similar materials might lead to an extension of this range. A combination of different
perovskite superlenses might be usable as combined bandpass filters for near-field signals, with
possible application for spectroscopical examination of e.g. biological samples as objects.
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