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ENHANCEMENT OF THE QUANTUM DOT LUMINESCENCE
IN ALL-DIELECTRIC METAMATERIAL

We propose a simple design of an all-dielectric silicon-based planar metamaterial that manifests an extremely sharp resonant
reflection and transmission at the wavelength of about 1550 nm due to both low dissipative losses and the trapped mode
operating method particularities. The resonance Q-factor dozens of times exceeds that of resonances in the common infrared
plasmonic structures. The designed metamaterial is considered for aggregation with a pumped gain medium to achieve the
enhancement of luminescence and produce an all-dielectric analog of a “lasing spaser”. We report that an essential enhancement
(above 500 times) of luminescence of a layer containing pumped quantum dots can be achieved by using the designed metamaterial.
This value scores of times exceeds the known luminescence enhancement by the plasmonic planar metamaterials.
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1. Introduction

Modern nanotechnologies enable to design optically
thin layers of materials with a periodic subwavelength
pattern in order to produce planar metamaterials.
These latter are impressive objects-in-research, due
to their some certain fascinating facilities, and have
become mostly well-known over the last decade and
are quite novel as well. Recent works report the
results of aggregating laser materials with planar
metamaterials to design the parametric gain systems
[1-3] and develop the gaining or lasing devices, such
as the spaser [4-6]. Some essential part of this de-
velopment is studying the luminescence of a gain
material hybridized with a planar metamaterial that
can support a coherent high-Q electromagnetic os-
cillation.

Typically, a planar metamaterial for visible and
near-infrared wavelengths is a plasmonic structure
designed on the basis of either a periodic array of
complex-shaped resonant metallic nanowires or slits
in a metal slab. The main factor responsible for the
spectacular properties of these metafilms is some
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resonant interaction of light with the patterned layer.
Moreover, numerous prospective applications of the
planar metamaterials incorporating a pumped laser
medium do require the high Q-factor resonance and
strong confinement of electromagnetic fields.

The main factor extremely limiting the prospective
applications of the infrared plasmonic metamaterials
is high losses inherent to metals. Thus, typically, the
Q-factor of the resonances excited in plasmonic struc-
tures is small because of radiation losses and a huge
energy dissipation inherent to metals in the visible
and near-infrared wavelength ranges.

Fortunately, there is some way to significantly
decrease the radiation losses in the planar plasmonic
structures. This way lies in using the so-called “trapped
mode” resonances in the planar structures with a
broken symmetry of periodic elements due to exci-
ting of anti-phased currents in the metallic elements
of a subwavelength periodic cell in microwave [7, 8],
terahertz [9, 10] and in some optical bands [11-13].

Recently, it has been experimentally demonstrated
that a hybridization of semiconductor quantum dots
(QDs) with a plasmonic metamaterial supporting the
trapped mode resonance leads to a multifold intensity
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increase and narrowing of their photoluminescence
spectrum [14]. The experiment shows that plasmo-
nic metamaterials interact with QDs like a cavity,
and the luminescence enhancement can be explai-
ned with the cavity quantum electrodynamic Purcell
effect. This observation is an essential step towards
understanding the mechanism of the radiation emis-
sion in plasmonic metamaterials and opens amazing
opportunities for developing artificial metamaterial-
enhanced gain media.

The trapped mode resonances have the typical
peak-and-trough Fano spectral profile [15] and can
be excited, for example, in the planar periodic array
composed of twice asymmetrically-split metal-
lic rings. Their specific character arises from the
destructive interference of the radiation by the anti-
phased current distribution. Theoretically, in a hypo-
thetic lossless structure, the Q-factor of such re-
sonance can be infinitely increased by the asymme-
try degree decreasing, because the radiation loss
tends to zero in this case. This property is the main
difference of the trapped-mode systems from the
nano-antenna structures intended for enhancement
of Purcell effect.

Recently, a novel geometry of metallic strip parti-
cles and their arrangement within a periodic cell of
trapped-mode structures has been proposed in [9, 10].
This suitable choice of the structure geometry results
in an additional interference destruction and, as a
consequence, in a radiation losses decrease.

The influence of a plasmon nanostructure with the
Fano lineshape in absorption spectrum on the spon-
taneous emission spectrum and the lifetime of a sin-
gle molecule of gain material was studied in [16, 17].
The opportunity of controlling the linewidths of ato-
mic spontaneous emissions via the anisotropic Pur-
cell effect was shown. Such interesting phenomena
as the atomic spectral line rapid narrowing and the
nanoscale line width pulsing were observed.

In practice, however, the Q-factor is strongly li-
mited by the energy dissipation inherent to metals in
the visible and near-infrared. Actually, the dissipative
losses increase extremely as currents increase in
metallic elements with decrease of radiation from
nearly symmetry elements of an array. Thus the
trapped mode resonances have a greater Q-factor
than the regular resonance in a symmetric structure,
though still a moderate one [13].

But there is a promising way to achieve a high-Q
factor trapped mode resonance in the planar all-di-
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electric arrays with a broken symmetry of practically
non-dissipative elements. It is well-known that the
symmetry break in dielectric photonic band gap struc-
tures results in excitation of a high-Q defective mode
resonance [18-20]. It was shown in [21] that a pla-
nar array with square periodic cell composed of two
different-length semiconductor bars enables to achieve
a trapped mode resonance with Q-factor much greater
than that relating to this kind of resonances in plas-
monic structures. For example, the Q-factor of the
trapped mode resonance of the germanium array [21]
can reach the value of about a thousand in the near-
infrared transparency window.

In the case of this array, the dielectric bars work
as open dielectric resonators, and the pair of the
coupled resonators of each periodic cell can be con-
sidered as a metamolecule. The trapped mode re-
sonance of a planar array is formed by a destruc-
tive interference of the fields scattered by such
metamolecules outside the array. Besides the great
Q-factor, a remarkable property of this all-dielectric
arrays resonance is an essential red shift of their
resonance frequency as against the resonance
frequency of an array whose periodic cell consists
of a single dielectric bar (see [21]). This property
opens the way for dielectric materials with a rela-
tively small refractive index in order to produce this
kind of arrays.

We expect that the spectrum narrowing and in-
tensity increasing of the QDs photoluminescence ob-
served in [14] should rise with the Q-factor increase
of the planar structure resonance. Thus, it is of high
interest to study the features of the photolu-
minescence with a hybridization of QDs with a pe-
riodic all-dielectric array in the trapped-mode re-
sonance regime.

2. Problem Statement
and Solution Method

Now consider a double periodic array composed of
dielectric bars placed on a substrate with thickness
L, (see Fig. 1). The periodic array of thickness L, is
immersed into QD layer (polymer layer in which QDs
are dispersed) with total thickness L,,. The unit cell
of the array includes a pair of dielectric bars of diffe-
rent sizes. In [21], the asymmetry of a double perio-
dic array of dielectric elements was achieved by using
the dielectric bars of identical square cross-sections,
whereas different in length. Though, it is more suit-
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Fig. 1. A sketch of the unite cell of a double-periodic planar
structure. The all-dielectric array composed of two dielectric
bars per periodic cell is immersed into the QD layer

able in practice to use the dielectric bars different
in width along the y-direction. If all the bars are iden-
tical both in length and thickness, then such a doub-
le periodic array is very convenient for manufacture.
The dimensions of the square periodic cell are chosen
as d,=d,=d =900 nm. The periodic cell is as-
sumed to be symmetric as respects the line drawn
through the cell center and parallel to the y-axis. The
normal incidence of a linearly x-polarized plane wave
is considered.

As a material for the dielectric bars, we propose
the silicon as the most widespread material in elec-
tronics, with the transparency window within the
wavelengths of 1.2 pm to 14 um. The dimensions
of the array elements are chosen to provide the
trapped mode resonance of optically non-pumped
structure at 1550 nm, the typical wavelength used
in telecommunications. At 1550 nm, the silicon
refractive index is approximately 3.48 at room
temperature [22]. An extremely thin substrate used
enables to exclude any undesired wave interfe-
rence. The substrate is assumed to be a synthetic
fused silica membrane. Its refractive index is ap-
proximately n, =1.45 in the wavelength range un-
der consideration [23]. The substrate thickness is
L. =50 nm. Note that there are no high non-eva-
nescent diffraction orders in the substrate (the ine-
quality n.d <1550 nm is valid).

To study the intensity enhancement of the lumi-
nescence of QDs resulting from their hybridization
with a dielectric array, we propose to use the solu-
tions of plane wave diffraction of the structure with
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and without an optical pump. In the proposed me-
thod, the photoluminescence emission intensity W, is
evaluated as a difference between the intensity of
the dissipation (or emission) defined by the expres-
sion W =1-|R]" -|T"
of reflection and transmission, in the structure with-
out optical pump and with it

? , R and T are the coefficients

W, =W, W, (1)

where W, and W, are the intensities of the dissipa-
tive losses (or emission) in the structure without and
with optical pump respectively. Note that the value W
will be positive, if any dissipation is observed in the
structure, and negative, if the total intensity of the re-
flected and transmitted waves exceeds the intensity
of the incident wave. This fact is taken into account
in (1), where the photoluminescence intensity ¥, has
a positive value.

The proposed method was used for calculating
the enhancement luminescence of QDs layer com-
bined with a plasmonic metamaterial, which was
studied experimentally in [14] (see the Appendix).
We use the experimental data on the luminescence
spectrum presented in [14] to define the parame-
ters for the adequate theoretical description of a
certain actual composite material which is QDs
dispersed in a host polymer layer. In addition, the
comparison between the experimental results of that
work and our theoretical ones demonstrates the
validity of the proposed theoretical approach to study
the photoluminescence. The proposed approxima-
tion provides good coincidence of the numerical
results with the experimental ones, despite ignoring
the quantum phenomenon inherent to the interac-
tion of gain medium molecules and a strong local
field. Besides, for simulation, we use the well-known
model of gold and the parameters of QDs provided
in this paper. Therefore, we may conclude that our
simple approach can be effectively used for estima-
tion of the enhancement of luminescence in the all-
dielectric metamaterials.

Thus, to determine the photoluminescence inten-
sity, it is required to solve the problem of plane
wave diffraction by the considered structure. For this
aim, the mapped pseudospectral time domain (PSTD)
method proposed in [24, 25] is used. For the sake
of simplicity, the dispersion of dielectrics is not
taken into account in this paper. Such approxima-
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tion is justified because the refractive index of sili-
con in the wavelength range under consideration
(from 1500 nm to 1600 nm) varies within 3.48 to
3.47. It is evident that such an extremely weak
dispersion has no effect on the properties of a
trapped-mode resonance.

To take into account the gain in the optically
pumped QDs, the method of additional differential
equations (ADE) [26] is used along with the model
of'a negative frequency-dependent conductivity [27].
The expression of the corresponding time-domain
conductivity o(¢) is chosen in the form to ensure
that this value is real and causal,

o(t) = %cos((not)exp(—t/r)u(t). @)

Here u(t) is the Heaviside unit step function. The
coefficient G, is proportional to the peak value of
the gain set by the pumping level and the resulting
population inversion. Such model assumes that the
optical gain medium is homogeneously broadened
and wherein the atoms of the gain medium are indis-
tinguishable and have the same atomic transition fre-
quency, ®,. Any variation of the QD sizes will cause
broadening of the exciton line of the QDs. The time
constant T permits to include the relaxation processes
in a phenomenological manner (decay rate is 1/1),
and shows that any phase coherence introduced into
the system of atoms by the action of the electric
field will be lost in the time interval T, once the elec-
tric field is turned off.

The Fourier transform of (2) reduces to the fol-
lowing frequency dependent conductivity

o,(l1+imt
o(w) = 220( 5 ) 2 20
(I+o;t7)+2iot-0T

3)

where the time dependence of the electromagnetic
field is chosen in the form exp(imz). It is clear from
(3) that the gain coefficient is governed by a single
Lorentzian profile with a width determined by 7.
The resonance frequency, that is the frequency at which
the response is maximized, is given by expres-
sion @, =4/ u)(z) +772. The peak of the gain curve is
o(w,)=0,/2 and the full-width-at-half-maximum
band-width is dw=2/t. Using (3) one can obtain a
complex propagation constant of a plane wave and
see that the wave amplification will be observed
only for the case of 6, <0. The chosen form of the
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frequency-dependent conductivity can be easily in-
cluded in the numerical scheme of time domain
approaches by the use of ADE method. It results
in the two additional first order differential equa-
tions in time in each grid node immersed into the
gain medium [27].

A good agreement between our theoretical and
the known experimental results of the study of the
luminescence of a plasmonic metamaterial combined
with QDs (see the Appendix) evidences of correct-
ness of both the model of active QD medium and the
proposed approach to study the luminescence in a
resonant planar metamaterial.

Now let us apply the proposed method to de-
signing a resonant silicon metamaterial combined
with the semiconductor QDs to enhance the photo-
luminescence intensity with the spectral maximum
at 1550 nm.

For numerical study, a laser medium based
on semiconductor QDs was chosen with the follo-
wing parameters: @, =1.26-10" s~ which corre-
sponds to wavelength A, =1550 nm, T= 4.85-107" s,
€op =2.19 which corresponds to refractive index
nop =1.48 of non-pumped QD laser medium, and
6, =-500 S/m corresponding to the emission factor
tgd, =—0.021 in analogy to the lossy factor of the
media. The small value of T results in a wide-band
QD spectral line, and it enables to exclude from
consideration the effects caused by displacement
between the metamaterial dissipation peak and the
maximum of exciton emission line of QDs. Note that
the pump level (i.e. the value of the parameter G,)
is one order less than it was needed in the case of
plasmonic metamaterials (see the Appendix), because
of the low losses of the all-dielectric array.

The geometry parameters of the dielectric bars array
immersed in the non-pumped QD layer (6, =0) are
chosen to provide a high Q-factor trapped mode reso-
nance of the structure near the wavelength 1550 nm.
The sizes of the silicon structure corresponding to
this condition are the following: L, =100 nm, L, =
210nm, L, =50 nm, the dielectric bars length equals
to /=800 nm, the width of the bigger and smaller
bars are 4, =260 nmand 4, =160 nm, respectively,
and the distance between the two different in width
bars is 240 nm (see Fig. 1).

In order to take into account the energy dissipation
in the bars, a model of constant conductive medium
is used to describe the dielectric with the PSTD
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method. This means that the dielectric of bars is
modeled as a medium with both €, =n. and o,
being some constants. Such an approach results in
the frequency-dependent losses.

3. Analysis of the Luminescence
of a Hybridization of QDs

with a Low-Loss Planar
All-Dielectric Metamaterial

The wavelength dependences of the reflection and
transmission coefficients magnitudes of the designed
structure are shown in Fig. 2. There is a trapped
mode resonance near the wavelength 1550 nm which
has the typical peak-and-trough Fano spectral profile.
As was shown in [21], this resonance results from the
anti-phased excitation of the dielectric bars behaving
as an open half-wavelength dielectric resonators in
this case. Lines 1, 2, and 3 correspond to 6, =0,
6,=130.3 S/m, and 6, =1303 S/m, or equivalently,
to tgd, =0, tgd, =107, and tgd, =107 at the wa-
velength 1550 nm. Note that actually the silicon lossy
factor tgd is less than 107 at this wavelength.
We estimate the trapped mode resonance Q-fac-
tor by using the following formula proposed in [21]

M, 20,
oo =h| A2

o ; “4)

where A, and A, are the wavelengths of the maxi-
mum and minimum of the reflection or transmission

IRI, T

0 T T T T T

1500 1520 1540 1560 1580 A, nm
Fig. 2. Wavelength dependences of the reflection and transmis-
sion coefficients of the periodic array of silicon bars immersed
in a non-pumped QD layer. Lines 1, 2, and 3 correspond

to tgd, =0, 107 and 107, respectively
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coefficient of the corresponding Fano spectral pro-
fileand A, = (A, +X,)/2 is the average wavelength
of the trapped mode resonance. Using (4), the fol-
lowing Q-factor values are obtained: 268, 232 and 83
corresponding to tgd, =0, 10~ and 1072, respec-
tively. It is of interest that the wavelengths of the
maximum and minimum of the reflection and trans-
mission coefficients coincide only in case of a nondis-
sipative structure. The reflection and transmission
extremes shift with respect to each other if dissipa-
tion in the dielectric is taken into account. Then, the
Q-factor of the trapped mode resonances is estima-
ted as the average value QO =(Q; +0;)/2. Here O,
and Q, are calculated from the wavelength de-
pendences of the reflection and transmission coeffi-
cients by (4).

Note that the average trapped mode resonan-
ce wavelength A, =((A) +(X,);)/2=1551 nm is
observed in all of the considered cases of dissipative
losses.

The wavelength dependences of the photolumi-
nescence intensity W, calculated by using (1) are
presented in Fig. 3. It shows the photoluminescence
intensity of the homogeneous QD layer with thick-
ness Ly, =210 nm placed on 50 nm thick silica
membrane (Fig. 3(a)), i.e. the intensity related to the
layered structure without any array. The wavelength
dependences of the photoluminescence of QD hy-
bridization with non-dissipative and low-dissipative
(tgd, =107") metamaterials are shown in Fig. 3(b).
One can see a great enhancement in photolumines-
cence intensity. In the case of non-dissipative bars,
the photoluminescence intensity enhancement makes
1560 times. If the dissipation of silicon, estimated as
tgd,, =107, is taken into account, this coefficient of
the intensity enhancement equals to 560. These val-
ues mentioned are much more greater than the known
orders of the photoluminescence enhancement in-
herent to plasmonic metamaterials combined with
QDs (see [14] and the Appendix).

Up to this point, we consider the photolumines-
cence in the pumped all-dielectric metamaterial with
its emission factor (tgd, =—0.021) which in abso-
lute value exceeds essentially the lossy factor of the
metamaterial (tgdg, = 107). Now let us study the
case of some pumped lasing medium with the inten-
sity of energy dissipation in the dielectric array
(tgd, = 107), which is comparable with the gain of
QDs. In Fig. 4, we present the wavelength depen-
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12+

1500 1520 1540 1560 1580 A,nm

Fig. 3. Wavelength dependences of the luminescence intensity
of a QD layer with thickness 210 nm placed on the silica
membrane (a), and QD layer aggregated with metamaterials (b):
1- tgd,=0; 2— tgd = 107>, The units of graphs () and (b)
have the same scaling

dences of the photoluminescence intensity of a QD
layer placed on the silica substrate (line 1), the power
dissipation in the array of dielectric bars hybridized
with non-pumped QDs (line 2), and the photolumi-
nescence intensity of the optically pumped QDs ag-
gregated with the same array (line 3). In the last
case, the QD photoluminescence enhancement is also
observed (see Fig. 4, line 3). However, in the trapped-
mode resonance wavelength, we observe a decrease
of the emission intensity until complete forbidding of
the photoluminescence (see the region near 1550 nm,
corresponding to W, <0, in Fig. 4). Such wavelength
dependence of the photoluminescence intensity of
QDs aggregated with the array is explained by the
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1580 A, nm
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1500 1520 1540 1560

Fig. 4. Wavelength dependences of the photoluminescence
intensity of a QD layer with thickness 210 nm (line 1),
the energy absorption of the QD without optical pump
aggregated with an array of dielectric bars, tgd, =107,
(line 2) and the photoluminescence intensity of metamaterials
aggregated with QD (line 3)

fact that the QD gain results in an increase of
the field amplitude inside the bars and the relating
increase of energy dissipation in the array. In case
of a low energy dissipation (e.g., the dissipation of
silicon array with tgdg =107), these losses result
merely in decrease of the level of photoluminescence
enhancement.

The increase of the local field in the silicon array
is shown in Fig. 5. The distribution of x-component
of the electric field in the plane z=-50 nm corre-
sponding to the half array thickness, is presented in
Fig. 5(a) and 5(b) for the structure without optical
pumping and for the gained QD layer, respectively.
A homogeneous increase of the local field is the result
of'using a homogeneous-gain-medium approximation
in our simulation. It is evident that the random distri-
bution of quantum dots in the gained layer will result
in nonhomogeneous enhancement of the local field,
which will obviously reduce the level of photolumi-
nescence enhancement. However, the value of the
luminescence enhancement for the all-dielectric
metamaterials is to be much higher than for the plas-
monic ones.

4. Conclusions

We have proposed a simple design of a planar sili-
con-based all-dielectric metamaterial that demon-
strates its extremely sharp resonant reflection and
transmission at the wavelength of about 1550 nm,
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10 20

30 40 50 x
b

Fig. 5. Distribution of x-component of the electric field in
the cross section of the array periodic cell (z=-50 nm) for
the nongained (@) and gained (b) QD layer aggregated
with metamaterial at 1551.5 nm that corresponds to the maxi-
mum luminescence of the studied structure, tgdy =107

due to both the low dissipative losses and involve-
ment of the trapped mode operating method. Accu-
rate numerical estimations evidence that the Q-fac-
tor of the resonance of the proposed structure do-
zens of times exceeds the Q-factor of the known plas-
monic structures.

The designed planar metamaterial is meant for
aggregating with a layer of pumped active medium in
order to achieve an enhancement of luminescence
and to produce an all-dielectric analog of the lasing
spaser [5].

We have proposed the approach to study the lumi-
nescence intensity of pumped QDs aggregated with
a planar metamaterial. The approach is based on the
comparison of the results of the two diffraction prob-
lems solutions. They are the problems of a plane
electromagnetic wave diffraction by the structure with
and without optical pump. The validity of the method
has been proven by its application to theoretical re-
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production of the known experimental data relating
to QD luminescence in plasmonic metamaterials [14].

We demonstrate that essential enhancement (abo-
ve 500 times) of luminescence intensity of a layer
containing pumped QDs can be achieved by using
the designed resonant all-dielectric metamaterial.
This value scores of times exceeds the known lu-
minescence enhancement by plasmonic planar me-
tamaterials.

Appendix: Validation of the Diffraction
Approach to Study Luminescence

For an evaluation of our approach to choosing the
parameters describing the QDs immersed in a host
polymer and the diffraction approach to study lumi-
nescence as well, let us consider one of the plas-
monic metamaterials treated experimentally in [14].
The sample consists of a gold film periodically pat-
terned by asymmetric split-ring slits and placed on
a glass substrate (see Fig. 6). The film thickness is
L, =50 nm. The square cell of the periodic array is
D =545 nm onsside. The slits of the periodic cell shown
in Fig. 6 are as these: a =470 nm, =170 nm, and
w=65 nm. The slits are filled with a polymer mate-
rial containing semiconductor QDs and the array is
coated with a layer of the same material. The layer is
Lyp =180 nmthick. In [14] the lead sulfide (PbS) semi-
conductor QDs from Evident Technologies was used
with the luminescence peak around 1300 nm and the

Fig. 6. The geometry of the periodic cell of the aggregated with
QD/PMMA metamaterial studied experimentally in [14]
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mean core diameter of 4.6 nm. These QDs were dis-
persed in polymethylmethacrylate (PMMA).

Let us apply the diffraction approach based on the
formula (1) to estimate the photoluminescence inten-
sity of QD/PMMA hybridized with this plasmonic
metamaterial.

The parameters of the gain medium model must
be determined before luminescence intensity is esti-
mated. As mentioned above, the parameters ®,, T,
and o, are required to determine the gain medium.
Parameters ®, and Tt of QD/PMMA are deter-
mined from the photoluminescence peak frequen-
cy @, =0 +1* and the full-width-at-half-maxi-
mum bandwidth of QD/PMMA photoluminescence
8w=2/t. We use the values @, =1.47-10" s™' and
1=9.69-10"" s. The refractive index of the non-
pumped QD/PMMA is n=1.48 (see [14]). The value
of 6, depends on the level of population inversion in
QD/PMMA, and determines the intensity of photolumi-
nescence. Here, we use the value 6, =-5000 S/m
to describe our optically pumped QD/PMMA. Itis a
typical value used to describe a gain of semiconduc-
tor media, for example, in [27].

We consider the metamaterial aggregated with
QD/PMMA placed on a semi-infinite silica substrate
(L, > o). Such a choice enables to exclude the
interference in the substrate from the study. The model
of gold permittivity proposed in [28] is used in our
simulation of a plasmonic metamaterial.

The results of our numerical simulation of the
wavelength dependences of the reflection, transmis-
sion, and dissipation coefficients of the metamaterial
aggregated with non-pumped QD/PMMA are shown
in Fig. 7. These theoretical results can be compa-
red with the experimental ones presented in Fig. 1
of [14]. One can see a very good agreement between
our numerical and the measured results. Some dif-
ference between the levels of reflection, transmis-
sion and absorption in theoretical and experimental
results can be explained by distinctions between the
actual structure and the perfect periodic one.

To estimate the enhancement of the luminescence
intensity due to using metamaterial structure, we
compare its value with the luminescence intensity
of a homogeneous optically pumped QD/PMMA
layer placed on the same substrate. The thickness
of the layer is chosen the same as the total thickness
of the metallic array and its QD/PMMA coating.
The wavelength dependences of the photolumines-
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Fig. 7. Results of numerical simulation of wavelength
dependences of the reflection, transmission, and dissipation
coefficients of a metamaterial aggregated with non-pumped
QD/PMMA investigated experimentally in [ 14]

cence intensity of the homogeneous QD/PMMA
layer of 230 nm thickness (line 1) and the metama-
terials aggregated with 180 nm-thick QD/PMMA
layer (line 2) are shown in Fig. 8. In this case, we
obtain 17 times enhancement of photoluminescence
intensity. This value of the luminescence enhance-
ment only twice exceeds that obtained experimen-
tally in [14], that is quite a good result in the mo-
delling of gain structures.

Thus, we have proven that both our model of gain
QD medium and the diffraction approach for stu-
dying the luminescence intensity demonstrate that

W, a. u.

2.5
2.0
1.54
1.0 \

0.54 / \

0 T T I 1 ’
1000 1300 1400 1600 1800 A, nm

Fig. 8. Wavelength dependences of the photoluminescen-
ce intensity of homogeneous QD/PMMA layer (line 1)
and plasmonic metamaterial aggregated with optically pumped
QD/PMMA (line 2)
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the numerical data obtained are in good agreement
with the known experimental ones.
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YCUJIEHUE JIIOMUHECHEHIIMN KBAHTOBBIX
TOYEK C IIOMOIIBIO ITOJIHOCTBIO
JUBJIEKTPUYECKOI'O METAMATEPUAIJIA

ITpensnokeH MONTHOCTBIO AUAICKTPUUSCKUH MeTaMaTepHall
Ha OCHOBE KPEMHUSI, KOTOPbIN IO/IEPIKUBAET OUEHb PE3KHH pe-
30HAHC OTPaKEHHS U MPoXokaAeHus BOMI3K 1550 HM. Takoii xa-
paKTep pe30HAHCHOTO B3aNMOJICHCTBIS MeTaMaTepraa co CBe-
TOM 00YCIJIOBJIEH 0COOCHHOCTSIMU PE30HAHCA Ha 3alIePTON MOJIE
U HU3KUMHU OUCCUIIATUBHBIMHU IOTEPSIMHU B HUDJICKTPUKE.
Jlo6pOTHOCTH Pe30HAHCa B IECATKH Pa3 IIPEBOCXOAUT JOOPOT-
HOCTb pe30HaHCa B OOBIYHBIX IJIA3MOHHBIX CTPYKTYpax HH(pa-
KpacHoro nuana3ona. PaccmMarprBaeTcst BO3MOKHOCTB 00BE M-
HEHHs1 pa3pabaThIBAeMOro MeTaMaTepHaa ¢ akTHBHOM cpeoi
C LIEJTBIO TOJTyYEHHU Sl YCHIICHHS TFOMUHECLICHIIMH U CO3/IaHMSI [TOJT-
HOCTBIO AMIEKTPHYECKOTO aHAJIOra YCTPOICTBA, H3BECTHOTO KaK
“lasing spaser”. Iloka3aHo, YTO IpH UCTIOIB30BAHUH JAHHOTO
MeTamarepuaa yIaeTcs J0CTHYb CYIIeCTBEHHOTO YCUIICHUS
(6oee wem B 500 pa3) MOMHHECIIEHIINH CJIOSI C aKTHBHBIMH KBaH-
TOBBIMH TOUKaMH. 3HaueHHe Kod(QHIMEHTa YCHICHHS TIOMHUHE C-
LEHI[MM MHOTOKPATHO TIPEBBIIIACT M3BECTHBIN KO3 HUIMEHT yCH-
JICHUA JUTA TUTAHAPHBIX ITTA3MOHHBIX METaMaTEPHaJIOB.
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IJICVJIEHHS TFOMIHECIIEHIITT KBAHTOBUX
TOYOK 3A JOIIOMOTI'OIO ITOBHICTIO
JIEJIEKTPUYHOI'O METAMATEPIAJTY

3anponoHOBaHO MOBHICTIO JieIeKTPHYHUI MeTamMaTepiai Ha 6asi
KPEMHIIO, SIKUi MTATPUMY€E HAI3BHYAIHO Pi3KUIA pEe30HAHC BiOHT-
Ts1 1 poxo pKeHHs o6m3y 1550 uM. Takwuii xapaktep pe3oHaHC-
HOI B3aeMOii MeTamaTepiany 3i CBITJIOM 00yMOBIIEHHH 0cO0H-
BOCTSIMH PE30HAHCY Ha 3aMKHEHiH MO/l Ta HU3bKHMU JIUCHITATUB-
HHMU BTPATaMH B AieNeKTPUKyY. JloOpPOTHICTB pe30HaHCY B AECST-
KU pa3 MepeBHIIye JOOPOTHICTH PE30HAHCY Y 3BUYaiHUX IIIa3-
MOHHHUX CTPYKTypax iH(pauepBoHOro Aiana3ony. Po3misaaerses
MO>KJIUBICTB ITOEHAHHS PO3POOTIOBAHOTO METaMaTepialry 3 ak-
THBHHIM CEPE/IOBHIIIEM 3 METOIO OTPUMAHHSI ITiJICHIICHHS JTFOMIHEC-
LEHIIT Ta CTBOPSHHSI MOBHICTIO AICIEKTPHYHOTO aHAJIOra MpuJia-
1y, Bijiomoro sik “lasing spaser”. [TokazaHo, 1110, BAKOPHCTOBYO-
Y1 JaHUH MeTamMaTepiall, BAAETHCS JOCSATTH CyTTEBOTO ITiJICHIICH-
Hs (monax 500 pa3iB) IOMiHECIeHIIiT Iapy 3 AaKTHBHUMH KBAHTO-
BUMH TOYKaMH. SHAYCHHS KOS(ILIIEHTY ITi/ICHIICHHS JIFOMIHECIICHIIIT
6araropa3oBo MEPEBHUIILYE BiTOMHI KOC(DILIEHT MiICHICHHS LIS
TUIAHAPHHUX TJTa3MOHHUX METaMaTepiaiB.
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