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Excitonic superlens with copper and copper oxide
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We investigate the imaging properties of copper-based superlens surrounded by copper oxide (Cu,0). A
subwavelength image resolution of the order A/9 is demonstrated theoretically and verified in numerical
simulations. It is shown that the existence of excitons in Cu,O influences the static and dynamical optical
properties of the lens, providing an unique way of optically controlling the lens properties. In particular, an
improvement of image quality caused by absorption in the spectral region of excitonic resonances is investigated.
The plasmon-exciton interaction in the system may pave the way to tunable, highly nonlinear superlens designs.

DOI: 10.1103/PhysRevB.108.075307

I. INTRODUCTION

In recent years, subwavelength imaging and photolithog-
raphy facilitated by metallic nanostructures has attracted
significant attention [1]. Subwavelength imaging techniques
originate from the concept of metamaterial superlens, intro-
duced by Veselago in 1968 [2]. However, it has remained a
theoretical possibility until 2000, when first negative index
metamaterials have been constructed. Soon after, Pendry has
demonstrated that such a lens is capable of imaging beyond
diffraction limit [3] and that a simpler, metallic structure char-
acterized only by negative permittivity can also work as a
superlens under certain conditions. Since then, this field has
become an important research topic. Noble metal nanostruc-
tures based on gold and silver have allowed the light to be
guides beyond the diffraction limit, which has opened new
possibilities for further miniaturization and applications of
optoelectronic devices.

In 2005 Lee et al. [4] presented experimental and theoret-
ical studies of the optical superlens using a thin silver slab
and demonstrated optical imaging with resolution well below
the diffraction limit. The investigations of different, cheaper
material to construct efficient superlens systems basing on
different metals have started; Zhao et al. [1] have studied
several superlens materials, including Ni, Cr, and also Cu in
the 400 nm wavelength range concluding that the dielectrics
covering the superlens surfaces have to be characterized by
similar permittivities, which influence the imaging quality. It
has also been noted that a large permittivity of the dielectric
in the front of the superlens is in favor of the imaging effect.
Mkhitaryan et al. have recently demonstrated that high-QO-
factor plasmonic structures can be realized with copper [5],
further confirming that Cu is a promising candidate for con-
struction of efficient superlens.

The commonly used approaches to analysis of the metallic
superlens are the transfer matrix and the numerical finite-
difference in time-domain (FDTD) simulations [6]. They are

*david.ziemkiewicz @utp.edu.pl

2469-9950/2023/108(7)/075307(9)

075307-1

especially valuable in description of the detailed role of near-
field optics in a superlens image formation, which has been
reviewed recently by Adams et al. [7].

The important aspect of producing superlens is the accom-
plishment of the optimal resolution. It is affected by the finite
thickness of the superlens, which generates both long- and
short-range surface plasmon modes, they in turn influence a
transfer function distorting the image field. Wang et al. [8]
found that the presence of loss is not always detrimental to
the superlens resolution, especially in the image side of the
lens.

Since the discovery of negative index metamaterials and
superlens, there is a strong need for a lens medium that is
characterized not only by the necessary negative permittivity,
but also one that offers tunability of its optical properties. By
coupling various quantum systems with the metamaterial, one
can provide such a capability [9]. These so-called quantum
metamaterials [10] are a new class of media that bridges the
gap between quantum systems and classical metamaterials.
In this paper, we focus on the recently discovered Rydberg
excitons (REs) in Cu,O [11] and their potential application in
copper based superlens. In particular, the possibility to control
the properties of the lens by optically modulating the exciton
density is explored. This is an unique feature facilitated by
specific properties of Cu and Cu,O that allow for efficient
plasmon-exciton interaction [12].

Exciton is a highly excited electron-hole pair bound by
Coulomb attraction, forming a solid-state analog of hydrogen
atom [13]. The first theoretical description of excitons has
been provided by Frenkel [14] and expanded by Wannier
and Mott [15,16]. In this paper, we focus on Wannier-Mott
type excitons that occur in Cu,O, which was one of the first
semiconductors where excitons have been observed [17]. Due
to the possibility of creating P-type envelope wave-function
excitons characterized by a principal quantum number n >
1, they have been called Rydberg excitons, in analogy to
Rydberg atoms.

In principle, various properties of RE have a similar scaling
with principal quantum number n as Rydberg atoms [18]
although the physical origin of these similarities in their case
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TABLEI. Parameters of Cu fitted in Drude-Lorentz model to experimental [26]. The Cu, O fitted to bulk experimental data [11], considering

only 2P-exciton.

Medium €5 fo [eV?] wp [eV] Iy [eV] fi [eV?] w; [eV] I [eV]
Cu, O 7.5 489 x 1077 2.147 0.0049 0 0 0
Cu 15.3 122.18 0 0.0025 3.18 2.37 0.20
bases on a complex valence band structure and different se- model, is given by [25]
lection rules for excitons. The dimensions of REs scale as

2 . . . . 3 . f(] fl
n~ and can reach micrometers, and their lifetimes are ~n €(w) =0+ — (D

and can reach hundreds of nanoseconds. Another exceptional
feature is their strong interaction with external fields due
to the fact that their polarizability scales as n’. Significant
feature of Rydberg excitons is Rydberg blockade, which is
a result of a long-range dipole-dipole and Van der Waals
interactions between them that can be large enough to perturb
the energy level of nearby excitons, so they no longer have
the same frequency, which prevents their excitation in the
immediate vicinity of already existing exciton. Nowadays REs
become one of the rapidly developing topic in solid-state
optics; the studies extend from linear to nonlinear regimes in
bulk media and nanostructures [19-21]. Recently, REs inter-
action with plasmons has been studied, showing possibility of
an evident extension of propagation length and bridging plas-
monics and Rydberg excitons physics [12]. Here, we expand
upon that work by considering the effect of excitons on the
dynamics of copper-based superlens.

We perform a detailed analysis of Cu and Cu,O, with its
particularly high permittivity, taking into account all the above
mentioned aspects. The required matching of permittivity of
Cu and Cu,O can be achieved either by tuning the frequency,
adjusting the Cu film thickness [22] or using metal-dielectric
composites [23] such as a fine mix of Cu and Cu, O layers with
excitons. Tailoring the optical properties of medium opened
a new possibility of controlling the image. This is because
the propagation dynamics of the field depends on the diffrac-
tion and dispersion properties of the medium. In particular,
Archambault et al. [24] pointed out that an improvement of
spatial resolution has to be achieved using time-dependent
incident pulse. In the spirit of their conclusions we examine
the influence of the group velocities of various modes on the
image formation.

The paper is organized as follows. In the first section, a nu-
merical model of the optical properties of copper and copper
oxide is presented, which is later used in theoretical calcu-
lations and numerical simulations. Then, the system setup
is outlined. The third section is devoted to the study of the
steady-state transmission coefficient of the copper superlens.
Next, the dynamic of the image formation in the superlens
is investigated. Finally, the conclusions are presented. The
detailed description of the numerical simulation method is
included in the Appendix.

II. MATERIAL MODEL

For the numerical description of the optical properties of
media considered in this paper, we use the Drude-Lorentz
model in which the permittivity, in the case of two-oscillator
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with the numerical value of parameters summarized in Table I
in the Appendix. In the case of Cu, the values of parame-
ters are adjusted to provide a good fit to the experimental
data presented in Ref. [26]. A comparison of the experimen-
tally measured permittivity spectrum and the model values is
shown in Fig. 1. The model is adjusted to provide a good fit
in the energy region between E ~ 2140-2170 meV (dashed,
vertical lines), where excitonic resonances are present. In
particular, we assume that the optical properties of Cu are
determined by an ensemble of free electrons. The oscillator
strength f is determined by density of electron plasma, with
so-called plasma frequency w, = /fo = \/Ne?/meg, where
N and m are the concentration of charges and effective mass
of a single charge (electron). Due to the fact that the electrons
are not bound, there is no restoring force that would result in
some intrinsic resonant frequency of charges and so wy = 0.
The damping parameter I'y represents various dissipative pro-
cesses. The parameters of the second oscillator fi, w;, I'y
are used to include the effect of interband transitions that are
responsible for an increase of absorption around 2.35 eV (see
Fig. 1).

For the copper oxide, the same Eq. (1) with a different
set of parameters can be used. The two main contributions
to the Cu,O susceptibility are the constant value of €,, = 7.5
and the effect of 2P exciton resonance, e.g., the exciton with
hydrogen-like 2P orbital, characterized by quantum numbers
n = 2,1 = 1, this excitonic state is involved in the first and
strongest radiative transition between valence band and exci-
tonic levels [11]. Cu,0 is unique in this regard, since both
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FIG. 1. Real (continuous line) and imaginary (dashed line) part
of permittivity given by Eq. (1), compared to experimental data
(dots).
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FIG. 2. Imaginary (left side) and real (right side) part of permit-
tivity. Solid lines are given by theoretical calculation for Cu,O bulk
2P exciton from Ref. [27] and dashed lines are given by Eq. (1) with
parameters depicted in Table I.

valence and conduction bands have the same parity, which
prevents electric dipole transition for excitons with S-type
envelope wave functions, while excitons with P-envelope are
dipole-allowed. Since the exciton oscillator strength scales
as n3, as a first approximation we can ignore the states
with n > 2. The permittivity described by such a model is
shown in Fig. 2. The resonance is included as an oscillator
with the frequency corresponding to the 2P exciton, with
energy 2147 meV and the oscillator strength and damping
constant adjusted to match the height and width of absorp-
tion peak of the exciton [27]. In particular, the maximum
value of imaginary part of permittivity Ime = 4.5 x 1073
corresponds to the absorption coefficient of & = w/(c\/€p) ~
170 cm~!, where w is the frequency corresponding to 2147
meV; the obtained value is consistent with experimental ob-
servations [28]. In the case of Cu,0O, the second oscillator
in Eq. (1) is unused. The model in Fig. 2 is valid under
the assumption that the density of 2P excitons is uniform
and limited only by the Rydberg blockade mechanism [11].
This is achieved by illuminating the system with external,
uniform optical field (control field). By changing the field
intensity, one can control the exciton density both spatially
and temporally. In the case of Rydberg exciton states, the
blockade volume of exciton becomes extremely large, so that
even at low field intensity the system becomes saturated with
excitons and absorption of light is reduced (so-called optical
bleaching [11]). In such conditions, the optical properties
of the system could be highly nonlinear. One can also see
in Fig. 2 that the absolute value of the change of permit-
tivity caused by excitonic resonance is relatively small, but
it happens in a very narrow spectral range, which results
in significant dispersion and thus modification of the group
velocity.

The presented model of Cu permittivity yields the value of
€ = —8.54 at the bulk 2P exciton energy of 2147 meV, which
is a 14% mismatch; however, as mentioned before, the metal
permittivity depends on layer thickness [22]. Moreover, the
optical properties of Cu,O layers are also thickness dependent
[29]; specifically, the gap energy, and thus also exciton energy
can vary considerably. The permittivity of Cu,O also depends
on fabrication technique and layer thickness, reaching value
of up to € ~ 9 [30,31]. We also note that a thin Cu,O layer
can be considered a confined system for excitons, increasing
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FIG. 3. Schematic representation of a copper superlens sur-
rounded by Cu,O.

their energy [32]. Finally, the permittivity mismatch can be
in some cases beneficial to superlens imaging properties [33].
In conclusion, the fine optimization of the geometry and ma-
terial properties is a complex issue beyond the scope of this
manuscript.

III. SYSTEM SETUP

Let us consider a multilayer system consisting of a thin
copper layer surrounded by copper oxide, as shown in Fig. 3.
The optical axis of the system (horizontal, dashed line) is
aligned to the z axis and the source/image planes (vertical
dashed lines) are parallel to the x axis. We assume that the sys-
tem is two-dimensional, e.g., it is much larger than wavelength
in y axis and both material properties and fields do not change
in that direction. Blue lines depict a schematic of optical rays
connecting the line source (point on xz plane) with its image
(red dots). For an efficient superlens operation, the thickness
L needs to be considerably smaller than wavelength A of
the light illuminating the system [3], with approximate upper
limit of 0.1A [8]. To determinine the superlens resolution,
let us consider the wave vector ky and its x component k,.
Specifically, to achieve subwavelength resolution, the super-
lens needs to transmit high spatial frequency components with
ky > ko. In such a case, the z component of the wave vector
k, = vkg - k)% is imaginary and thus it describes evanescent
waves. The key characteristic of the superlens is the capability
to amplify these rapidly decaying evanescent waves [3].

IV. TRANSMISSION COEFFICIENT

One of the primary tools for studying the performance of
the superlens is the transmission spectrum in the wave-vector
domain, e.g., the relation T (k,). The system is capable of
subwavelength imaging when the values of T (k, > ko) are
significant, indicating resonant amplification of evanescent
waves, possibly beyond the amplitude of incident field. Sim-
ilar to the approach presented in Ref. [8], we calculate the
transmission coefficient (transfer function) of a flat superlens
in electrostatic limit, e.g., in the case where the lens thickness
is considerably smaller than illuminated wavelength. Let us
consider a source and image plane located at a distance L/2
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FIG. 4. Absolute value of the transmission coefficient as a func-
tion of the x component of wave vector k,, calculated for a model
superlens with € = —1.

from the superlens surfaces (see Fig. 3). Transmission coef-
ficient is calculated by multilayer transmission using Parratt
recursion relation [34], which applies standard Fresnel equa-
tions to compute reflection and transmission coefficient of a
multilayer stack, accounting for reflection on each medium
boundary and interference of reflected waves. Total amplitude
transmission coefficient is given by

T = |IT,... Ty, (2)

where T is the transmission coefficient in each layer, given by
U 1+ F;

T, = A R N N 3)

with reflection coefficient
2u'r, B+ Rj

Rij=e , 4
! 1+ FiRj X
and
j j+1
Fj _ €j+1kzj — Ejkzj (5)

€j+1kzj —+ EijjJrl .

The index j =0, 1, 2 indicates the jth layer, counting from
the source, correspondingly Cu,O, Cu, and Cu,0; k! is z
component of wave vector in j layer and L; is its thickness
with Ly = Ly = 0 and Ry = 0. Similar approach one can
found in other papers about superlenses, see Refs. [35,36]. In
this paper, we only consider the above-defined transmission
coefficient that is a ratio of the near field amplitude in image
and object plane, regardless of whether the field is propagating
or evanescent. As pointed out in Ref. [36], by including the
mechanism of coupling the image to the far field, one obtains
a smaller transmission coefficient that is strictly limited to
T < 1.

As a first step, we can verify the derived theoretical trans-
mission relation by comparing it with the results presented
by Wang et al. [8]. In particular, Fig. 4 depicts the absolute
value of the transmission coefficient of idealized superlens
consisting of a single layer of ¢ = —1 material, with A/10
thickness, surrounded by vacuum. There are several charac-
teristic points in the transmission spectrum; for k, /ko < 1, the
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FIG. 5. Absolute value of the transmission coefficient (color) as
a function of the x component of wave vector k, and energy.

transmitted mode corresponds to regular, propagating wave;
the transmission coefficient in this range is smaller than 1.
For higher values of k,, the transmission coefficient describes
evanescent waves that do not carry energy since their Poynting
vector has a zero real part, so one can have T'(k,) > 1. It
should be stressed that 7'(k,) > 1 only indicates that the field
distribution forming the image contains local maxima that
exceed the amplitude of incident field. This is related to the
fact that plasmonic modes forming on the metal-dielectric
boundary are slowly amplified over time until they reach the
point where the power of ohmic losses in the metal match
the incident power. For a system characterized with quality
factor Q larger than 1, in such conditions the plasmon field
can greatly exceed the incident field. Due to the presence
of these resonant modes, the transmission spectrum usually
contains two poles [8], which are clearly visible in Fig. 4.
For k,/ky > 9, there is a cutoff point where the transmission
quickly drops. This means that the spatial resolution of the
superlens is limited to approximately 1/18; one can increase
this resolution by making the lens thinner [3]. The presence
of the sharp poles in the transfer function (transmission coef-
ficient) is generally undesirable as it introduces distortion [8];
one can see that the introduction of absorption (Fig. 4, blue
line) significantly reduces the gain on the second, high k, pole,
so that the transfer function becomes more flat (e.g., all wave
modes are amplified to a similar degree). Thus, despite the fact
that absorption is in general detrimental to the superlens reso-
lution, its presence can be beneficial to the image quality. Due
to this reason, our proposal of Cu-based superlens has some
advantages over traditional designs based on noble metals.
As a next step, we consider a copper superlens with a
thickness L = 20 nm, surrounded by Cu,O. From the per-
spective of practical applications, such a system is potentially
simple to fabricate by controlled oxidation of Cu surface [37],
vapor deposition [38], or other techniques [39]. The absolute
value of the transmission coefficient calculated for a range of
values of wave-vector component k, and energy E is shown in
Fig. 5. Due to the fact that copper has a significantly higher
absorption coefficient than the idealized superlens material
considered previously, there is only a single pole in the trans-
mission coefficient at k, & ky. Overall, the usable range of
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wave-vector values where transmission 7 > 0.1 is k, /ky < 6,
which corresponds to roughly A/12 resolution and is com-
parable to silver superlens performance [40,41]. It should be
stressed that this value is only a rough estimation of the resolu-
tion. Several techniques for evaluating and further improving
the resolution exist [42]. One can notice that the strongest
2P exciton, which corresponds to 2147 meV (white, dashed
line), produces a noticeable change in transmission coefficient
(especially visible on the black contours). This means that the
excitons in Cu,O are a viable tool for fine-tuning of the lens
properties in a very narrow energy range.

One of the primary considerations in the superlens design
is the choice of thickness. In fact in the case of metallic lens
with negative permittivity and positive permeability, the thick-
ness needs to be much smaller than illuminated wavelength
[43]. Also, in contrast to the ideal n = —1 superlens, there
is a finite range of the values of wave-vector component &,
that are transmitted, as illustrated earlier in Fig. 5. In gen-
eral, we can expect that high spatial frequency components
of the image decay much faster in a thicker lens [8]. This
is indeed the case in the calculated results shown in Fig. 6.
Overall, there is a good match between theoretical and nu-
merical results. The first local transmission maximum, which
is also present in the idealized case in Fig. 4, forms a very
sharp peak in theoretical calculations. To further confirm these
results, we use the Finite-Difference Time-Domain (FDTD)
simulation that is based directly on Maxwell’s equations and
thus allows for a direct study of superlens optical properties
with no simplifying assumptions that are present in theoret-
ical description. The only important limitation of FDTD is
the limited time and spatial resolution, which results in a
smaller, broader peak in the numerical transmission spectrum
[Fig. 6(b)]. As mentioned before, the secondary peak in Fig. 4
located around k, = 7kq is very sensitive to absorption and
in case of Cu, it is almost completely suppressed. One can
see that only in the case of L = 12 nm, a very wide local
maximum of transmission is visible in Fig. 6 at k, ~ 5ky.
Similar to the earlier results, the lack of sharp peaks in the
transmission spectrum is beneficial, as it means that all spatial
frequency components are amplified to the same degree [8]. In
general, a lens thickness L of the order of 10 nm is favorable,
with significant transmission up to k,/ky =~ 10. As the lens
becomes thicker, the transmission cutoff becomes smaller, up
to ky/ko ~ 2 for the thickest considered lens L = 60 nm. As
noted in Ref. [44], the amplitude transfer function is only
one of the metrics of superlens image quality; another one is
phase transfer function, which describes how well the relative
phase of various k, modes is preserved. In particular, the phase
¢ (k) should be either unchanged [45] or, more realistically,
change slowly with k,, possibly in a linear manner [46,47]. To
reconstruct image without distortions, the superlens needs to
preserve the relative phase of various k, modes. The phase
transmission coefficient is shown in Fig. 6(c). In the case
of the thinnest considered lens, the phase remains almost
constant up to k,/kop &~ 5, which is slightly smaller than the
amplitude cutoff. This results in a resolution on the order
of A/10, which is consistent with FDTD simulations, where
sources placed closer than A /10 could not be distinguished. It
should be mentioned that depending on the superlens purpose,
either high-amplitude transfer, flat phase transfer function, or
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FIG. 6. Absolute value of the transmission coefficient as a func-
tion of the x component of wave vector k, (a) calculated from Eq. (2)
and (b) obtained in FDTD simulation; (c) phase of the transmitted
waves.

suppression of spurious resonances can be the most important
design factor [48].

After establishing the accuracy of the FDTD simulation,
one can use the numerical results to investigate various aspects
of superlens operation that are not described by the steady-
state transmission coefficient. As mentioned in the discussion
of Fig. 5, the presence of excitons has a limited impact on
transmission coefficient; overall, the imaginary part of Cu,O
permittivity in the spectral range of 2P exciton resonance is of
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FIG. 7. Normalized total electric field amplitude (a) in the optical
axis and (b) in the image plane.

the order of Im € ~ 1073 (Fig. 2) as compared to Im € ~ 1
in the case of copper (1). Therefore, the majority of ab-
sorption comes from the metal. However, it is well known
that the surface plasmons-polaritons (SPPs) excited on the
metal-dielectric interface are very sensitive to the susceptibil-
ity changes in the dielectric. In the case of superlens, these
plasmons are excited on both metal-dielectric interfaces and
they play a pivotal role in the evanescent field amplification
and thus the image formation [3,49]. At the same time, they
tend to distort the image field [8]. Therefore, the capability to
fine-tune the absorption of dielectric surrounding the metallic
lens with the use of excitons is potentially very valuable.

To study these plasmons and their influence on superlens
operation, let us consider the numerically obtained electric
field amplitude in the optical axis of the system, e.g., on the
line connecting a single point source and its image, shown in
Fig. 7(a). Naturally, the highest peak of the field amplitude is
located at the source. One can also see significant peaks on the
Cu-Cu, 0 interfaces (continuous, vertical lines). These max-
ima correspond to surface plasmon resonances. Interestingly,
the local maxima corresponding to SPPs are significantly
affected by the presence of excitons. This means that the
superlens containing excitons is capable of reconstructing
the image while partially suppressing the surface plasmons.
As a result, in the image of the point source [Fig. 7(b)],

|E| [normalized]

X [nm] 100

FIG. 8. Normalized field amplitude in the image plane as a func-
tion of time.

the side maxima caused by interference with the plasmons
are reduced. These findings are consistent with the results
by Wang et al. [8], where it is shown that adding loss in
the image region can provide a significant enhancement of
the image quality. In conclusion, we have demonstrated the
improvement of superlens performance by the introduction
of additional absorption due to excitons. Crucially, this ab-
sorption can be tuned by changing the exciton density with
external field. It should be noted that the influence of ex-
citons on the system is limited to a very narrow part of the
spectrum; the largest 2P exciton resonance is characterized by
a linewidth of I' ~ 5 meV, while the energy range where a
good match between Cu,O and copper permittivity that allows
for superlens operation is wider than the whole excitonic spec-
trum (see Fig. 1). This means that the system can be fine tuned
with small changes of illuminating light frequency without
impacting the image quality due to mismatch of permittivities.

V. SUPERLENS IN TIME DOMAIN

An important aspect of the comprehensive description of
the superlens operation is the study of the time evolution of
the image. Figure 8 depicts the field amplitude in the image
plane of a L =20 nm superlens illuminated by two point
sources. The distance between sources i1s 40 nm, which is
approximately A/5 (the energy of 2147 meV corresponds to
a wavelength of 571 nm in vacuum and 210 nm in Cu,0).
The time unit is scaled by the speed of light in Cu,O which is
around 1.1 x 108 m/s. One can see that initial, wide peak
forming in the center of the image quickly transforms into
two narrow peaks that are images of the radiation sources. The
gradual formation of the image is caused by the varying group
velocity of specific wave modes. In particular, the high k,
modes that correspond to the fine details of the image are char-
acterized by a low group velocity and thus need longer time
to propagate through the lens. Alternatively, one can describe
this process in terms of mode amplification; an evanescent
wave with very large k, (e.g., large, imaginary wave vector)
decays very rapidly in free space. Thus, to reconstruct the
image, these modes need to be more amplified by the lens,
which takes longer time.
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FIG. 9. Normalized field amplitude in the image plane (color) as
a function of time, for two different energies.

In Fig. 9, a similar evolution is presented, calculated for
two energies. On the left panel the energy is set to match the
2P exciton energy, while the right panel corresponds to the
spectral region away from excitonic resonances. The diagonal
dashed lines on the bottom correspond to the casualty limit;
no field can propagate in the system faster than x = ct. The
horizontal dashed line corresponds to the moment when the
image field reaches half of its maximum amplitude. In the
case where excitonic resonance is present, the group velocity
of wave modes is reduced due to the fact that an excitonic res-
onance corresponds to a sudden increase of normal dispersion.
Specifically, we recall that the group velocity is given by

c

Ve o g_g , 6)
where w is the radiation frequency and n = /€ is the refrac-
tion coefficient. In the spectral range of excitonic resonance,
the permittivity changes very rapidly with frequency, so that
on/dw has a significant value and noticeably reduces the
group velocity [12]. Due to this, the image formation on the
left panel of Fig. 9 is slightly delayed. Notably, the presence
of excitons has a stabilizing effect on the image; the spurious
peak located between the two source images is noticeably
weaker in the left panel, confirming the earlier findings that
additional absorption in dielectric is beneficial to the image
quality.

It should be noted that the superlens resolution can be
potentially greatly improved by considering time-dependent
illumination [24]. The use of excitons opens up a new op-
portunity to provide time-dependent superlens properties; by
using a separate control field, one can take advantage of the
nonlinear properties of excitons in Cu,0O due to the Rydberg
blockade effect and change its absorption on demand. In par-
ticular, the large blockade volume of Rydberg excitons with
high principal quantum number can be especially valuable
for such applications. Furthermore, the narrow resonances of
high excitonic states result in a steep normal dispersion and
greatly reduced group velocity. This, in turn, affects the prop-
agation time of specific wave modes through the superlens,
with slower modes also being more absorbed by the metal
[12]. Finally, we recall that the optical properties of excitons
are highly nonlinear [20]; in the case of superlens, the opti-
cal field is highly focused in subwavelength volume, further

enhancing the system nonlinearity, especially in high-power
pulsed operation and higher excitonic states.

Another interesting possibility is the use an external field to
modulate the spatial distribution of excitons and thus induce
a spatially nonuniform optical properties of Cu,O. In such a
case, it might be possible to realize enhanced transmission
of evanescent waves and improvement of resolution that are
usually accomplished with lens surface roughness [8,43]. In
contrast with fabricated roughness, the exciton distribution
can be tuned on demand. Moreover, the spatial control of
excitons and introduction of energy to the system via external
field can be used as a loss compensation mechanism [50,51],
enhancing the resolution. Finally, we note that spatial control
of the optical properties of the Cu,O layer can be also taken
advantage of in far-field superlens designs [52], overcoming
the main disadvantage of standard superlens that reconstructs
the image only in the near field.

VI. CONCLUSIONS

Since their recent discovery in 2014, Rydberg excitons in
Cu,;0 have become a very valuable tool in creating nonlin-
ear, controllable optical nanostructures. One of their possible
applications are tunable plasmonic devices, where copper is
used as the metal that facilitates excitation of SPPs and al-
lows for easy fabrication of the structure. We show that a Cu
layer surrounded by Cu,O can act as an efficient superlens.
It is demonstrated that such a device is capable of subwave-
length imaging with a resolution approaching A/10, which
is competitive with traditional silver and gold based setups.
Moreover, it is shown that excitons in Cu,O can be used to
modify the optical properties of the lens on demand and that
the increased absorption due to the excitonic resonances is
beneficial to the image quality. Several possible prospects for
taking advantage of nonlinear optical properties of Cu,O due
to the excitons are outlined in the context of superlens design.
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APPENDIX: FDTD METHOD

The performed simulations are based on a standard Yee
algorithm [53], where a set of field evolution equations is
derived from Maxwell’s equations and used to update the
electric/magnetic field values within some defined volume
(computation domain), with a fixed time step. The whole
domain is divided by a rectangular grid with a single cell size
Ax. A two-dimensional system with TM field configuration
is chosen for simplification of calculation; the electric field
has two components in the plane of the propagation E =
[Ey, 0, E;], and the magnetic field has a single component
perpendicular to the xz plane H = [0, H,,0]. The two-
dimensional representation is valid as long as the represented
system (Fig. 3) is much larger than the wavelength in the y
direction. At every grid point, the electric and magnetic field
distributions are calculated from their previous values
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with evolution equations derived directly from Maxwell’s
equations.

To model the dispersive properties of the optical media
in the simulation, the auxiliary differential equation (ADE)
approach is used [25]. The medium is characterized by a po-
larization vector P = [Py, 0, P,]. The evolution of polarization
is described by a second-order partial differential equation in
the form

P+T;P+w;P=—"E, (A1)
where €p is vacuum permittivity, €,, is the constant (fre-
quency independent) part of permittivity and depending on the
medium complexity, several oscillatory terms j = 1,2, 3...
can be used with fitted parameters f;, I';, w;. The full set of
equations solved in our FDTD approach is as follows:

0H, 1 (JE, OJE;
o (), (A2)
ot Mo \ 0z ox
JE, 1 (0H, 0P, .
= (== _ , A3
ot eo< 0z ot +Jx> (A3)
oE, 1 (0E, 0P, .
—_— = - — , A4
ot eo( 0z ot T (AD)

where g, €y are the vacuum permittivity and permeabil-
ity, respectively, and j,, j, are components of source current
density. The above equations are rearranged to obtain time
derivatives of the E,, E., H, fields, which are then used to
calculate the field evolution with some constant time step
At. Unit normalization is used so that py = €9 = ¢ = 1. The
parameters of Drude-Lorentz model of copper and copper
dioxide, which are used in simulation are shown in Table I.
The simulation space is divided into a 300 x 1024 grid
points. Computation domain is surrounded by absorbing

boundaries to reduce reflections. The spacial cell size Ax =
4nm and time step At = 6.67 x 107'8 s, The total simulation
time is on the order of 10~'% s which is sufficient for the
surface plasmons excited on the lens boundaries to reach
steady-state amplitude. At the same time, the optical proper-
ties of excitons are effectively static on this timescale (e.g.,
exciton density is constant, excitons are not moving, there is
no exciton formation/recombination during the simulation).
The lens system is placed in the middle of domain with optical
axis in the x direction. A line source of radiation placed in
source plane as a current j, with sinusoidal time dependence.
Such an infinite line of radiating dipoles, producing cylindri-
cal, monochromatic waves with maximum amplitude in the z
axis. We use a continuous radiation source with an amplitude
that is adiabatically increased from O to its final value to
avoid introducing high-frequency noise. Measurements are
made after the amplitude reaches its full value and the field
propagates through the lens. In the calculation of reflectivity
spectrum, the field amplitude distribution in the object and
image planes (Fig. 3) is calculated after steady-state opera-
tion is established. Then, a Fourier transform is performed to
obtain the field distribution as a function of the wave-vector
component k,.

With the chosen time and spatial step, the image in the
superlens starts forming after 2000 time steps and is fully
formed after 8000 steps. The size of the simulation domain
in the x direction is set to 1024 points to facilitate accurate
fast Fourier transform in the spatial domain to obtain field dis-
tribution as a function of the wave-vector component k,, and
as a result the transmission coefficient. The field is averaged
over time by using a moving average with a window size of
500 steps. In the image evolution analysis, a set of spatial field
distributions is recorded at various times.
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