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Abstract

In this work we present a model of the dielectric function in plasmonic quantum dot (QD)
nanolaser. A metal/semiconductor/metal structure was considered to attain plasmonic
nanocavity with active region containing: QD, wetting layer and barrier. The dielectric
function was calculated for both metal (Ag) and QD structure. The propagation constant of
surface plasmon polariton (SPP) at the interface of Ag/InAs-QD structure was calculated
and the dispersion relation of the plasmonic QD structure was evaluated. For frequencies
far from plasma one, the gap between real and imaginary parts was large and a deviation
from linear relation was obvious. The SPP field was strongly localized at the interface due
to the effect of zero-dimensional QD structure which has application in the super-resolu-
tion and best sensitivity in optical imaging. Results of propagation length of SPP (L,,,)
also support this. According to the L,,, results, the damping in the SPP energy was low in
the Ag/InAs-QD compared to that in the Ag/air interface. The obtained results are in the
range of experimental ones.

Keywords Surface plasmon polariton - Ag/QD - Plasmonic QD structure

1 Introduction

Enormous device applications like true nanolasers, detectors, and solar cells with unex-
pected performance depend on reducing the cavity dimensions. For example, nanolasers
are of low power consumption and have important applications such as biosensing and
optical logic circuits with fast-switching (Ni et al. 2011). Reducing the cavity (or wave-
guide) dimensions to a nanoscale is not possible with conventional dielectric waveguides
due to losses resulting from the low optical confinement of the mode. This challenge is
possible by integrating semiconductor nanostructures with a metallic cavity. This results
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in what is called plasmonic nanolaser. But, the metal losses are reducing the propagation
length. Thus, high gain active region is required (Li and Ning 2009).

Surface plasmon-polaritons (SPPs) refers to the wave that includes both charge motion
in metal (surface plasmons) and the electromagnetic waves in the dielectric (polaritons)
(Zeng et al. 2014). SPPs are surface electromagnetic waves that are coupled with free elec-
tron density oscillations bounded and propagated along with the interface between metal
and dielectric (or semiconductor) (Han et al. 2018; Berini and Leon 2012; Dionne et al.
2005).

Quantum dots (QDs) can be taken as the high gain in a plasmonic nanolaser, which bal-
ances between the loss of metal and gain in a metal-semiconductor-metal (MSM) struc-
ture (Holmstrom et al. 2010; Li and Ning 2009). This is because QD possesses discrete
energy states resembling those in natural atoms or molecules, QDs are regarded as a zero-
dimensional structure where the electronic motion is confined in all three spatial dimen-
sions. They exhibit unexpected characteristics due to their incredibly small size with quan-
tum mechanical behavior (Dwara and Al-Khursan 2015).

The strucuture we studied contains a InAs QD grown on a wetting layer (WL) sourended
by a GaAs barrier (B). The WL is in the form of a quantum well (Bimberg et al. 1997; Kim
and Chuang 2006; Kim et al. 2008).

The dielectric constant e(w) gives almost the entire information of material, such as
transitions and attenuation coefficient in metals through infrared, visible, and ultraviolet
photon energies (Vargas 2017), reflectivity (Rakic et al. 1998), and optical gain of the
semiconductors (Wijesinghe and Premaratne 2012). Accordingly, this work is modeling the
dielectric function in a polasmonic QD nanolaser. Here, it is shown that the SPP field is
strongly localized at the interface of metal-Ag/InAs-QD due to the effect of zero-dimen-
sional QD structure. The obtained results of propagation length of SPP, L, , also support

spp>
this. This has applications in the super-resolution and high sensitivity opticglf imaging. L,
results also asserts that the damping in the SPP energy was low in the Ag/InAs-QD com-
pared to that in the Ag/air interface. The obtained results are in the range of experimental
ones. This work was organized as follows: Sect. 2 discusses the surface plasmon-polariton
behavior, Sect. 3 develops the dielectric function for plasmonic QD structure. Section 4
states the propagation length and skin depth relations. Section 5 describes the plasmonic
QD structure studied in this work. The results are discussed in Sect. 6, while the conclu-

sions were drowned in Sect. 7.

2 Surface plasmon-polaritons behavior

All the SPP features can be derived from Maxwell’s equations, where SPPs are TM-modes,
in other words (E,, E_, Hy # 0 and Ey, H, ., H, = 0). The dielectric function of plasmonic
QD structure must consist both metal and QD contributions. So, it can be written as,

ew)=¢,+éegp (1)

Note that e(w) is the dielectric function of the overall structure (plasmonic QD struc-
ture), €,, is the dielectric function of the metal, while €op is the dielectric function of QDs.
To create SPPs, the real part of the metal dielectric function should be negative (Raether
1988). The electromagnetic waves, that pass through metal, are suffering from the decay
due to ohmic losses. In order to describe SPP characteristics, different models are used
such as the Drude model (Chen et al. 2004). Suppose that the first medium is metal with €,
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and the another is a QD with £, (the real part of the dielectric constant of semiconductor
QD is ebD) then, the dispersion relation for a wave propagating along the interface between
metal/dielectric was given by (Raether 1988; Liith 2015; Homola 2003),

) 1/2 ror 3/2
w Em £QD . em EQD 5:,1
kspp ==\ 5—— +i\ 5 7 e 2 2
c|\ &, +éeop €, t€op (e)

where k, is a complex wavevector, o is the SPP frequency, c is the light speed in vacuum,
and j is the imaginary number. In general case, electromagnetic field stimulates electron
oscillations and collisions was result in damping which causes losses in metal that cannot
be avoided. They are represented by a collisional rate y, = 1/7 with 7 is the relaxation
time of free electrons. So, the frequency-dependent dielectric function in metal is given by
(Mishchenko et al. 2002; Maier 2007),

2
4

_— 3
e +jr,) ®)

g ) =1-

which is the Drude model. Note that, @, is the bulk plasma frequency. It is given by (Kittel
2005),

o = ne? @
¢ £, m

where n is the number of electrons, e is the elementary charge, €, is the free space permit-
tivity, and m; is effective electron mass. The metal dielectric function is written as,

£m = 61,';1 +j61,n (5)

with |¢ | > €/, where €/ and €/ are real and imaginary parts of the dielectric function,
respectively. Since QDs as a very small growing nanostructures are taken as lossless
(e’Q’ p = 0) (Homola 2003; Al-Khursan 2006). This assumption is checked in the following
results as referred to thereafter.

3 Dielectric function of plasmonic QD structure

Since the susceptibility y(w) is related to the dielectric function £(w) through the expres-
sion (Sernelius 2001),

() _

1) = 1 ©)

€0
Then the dielectric function of the plasmonic QD structure is,

2
N0)
0%p

e =g+ ——
0 Wy — @* + joy,

+ €1 + 2op(®)) (7)
where the QD susceptibility is defined by (Bimberg et al. 1997),
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with the inhomogeneous Gaussian density of states,

L 1 < —(E' - Ema)()2 >

202

(€))

M., p.p, ® o 7., (=1 / 7,,,) and @, are the QD momentum matrix element, Fermi dis-
tribution functions of CB and VB, the frequency of the mode, interband transition energy
in the QD, intraband relaxation rate in QD, resonance frequency, respectively. The remain-
ing factor y, represents the collisional rate between metal electrons. Note that the reso-
nance frequency in metal was zero (@, = 0). Note that yp(l/p s)=41, and 7,,(1/ps) = 4.1

(Abdullah et al. 2015).

4 Skin depth and propagation length

When SPPs are propagated along with the metal/dielectric interface, they are losing
energy into the metal due to the absorption (attenuation). SPP intensity is proportional
to the square of the electric field. So, for a distance x, the intensity falls to e~>s#* and
the propagating length is defined as the maximum distance of SPPs to decay by 1/e of
the original value. It is given by L,,, = 1/2kg,, (Homola 2003, 2006). However, the
distance that SPPs penetrates into the metal or dielectric medium is called skin depth 6;.
The index (i) refers to metal or dielectric (i = m,d). SPPs also attenuates evanescently

perpendicular to the metal interface and can be quantified using the skin depth (Wu

et al. 2017),
/ !/
A ler, | + €op
5 = —_— _—
m,QD 2 { (6:11,QD)2 (10)

5 Plasmonic QD structure

The plasmonic QD structure studied in this work was composed of metal (silver Ag), bar-
rier (GaAs), and QD (InAs) which is grown on the wetting layer (InGaAs). The QDs are
taken in the form of quantum disks with radius of 14 nm and height 2 nm. The structure is
shown in Fig. 1.

The energy subbands of the InAs QDs are calculated by solving the schrodinger equa-
tion under the assumption of parabolic bands. The QDs are assumed to be in the form of
quantum disks. Such assumption is also used by others, for example see (Kim and Chuang
2006; Kim et al. 2008). It is also checked with experimental results (Al-Husseini et al.
2009). The QD susceptibility y,p, is calculated from Eq. (8). The real and imaginary part
of the dielectric functions of the metal and QDs are calculated, the skin depth, and L,,, are
specified and kgpp dispersion relation is plotted. All calculations are done under Matlab.
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Fig.1 Active region of plasmonic QD nanolaser structure

6 Results and discussions

The data used in the calculations were stated in Table 1. Figure 2 shows the real (red curve)
and complex (blue curve) parts of the dielectric function €,,(w) for silver (Ag-metal). The
real part has a high negative value due to free-electron contribution, while imaginary part
has small positive value and becomes zero 1.45 eV. This is exactly the behavior of the
dielectric function at infrared (Baltar et al. 2012). These results coincide with Das et al.
(2016) for the silver dispersive curve.

The dielectric function of semiconductors is different from that of metal. Figure 3 dis-
plays real and imaginary parts of the dielectric function of QDs &,(w). At low photon
energies near 0.8 eV, the real part of (@) has high value and decrease at high energies.
The imaginary part of €,,(w) (blue curve) has a low value compared with the real part
and also decreases at high energies. This is with the assumption that e'Q’D = 0 referred to
above in Sect. 2. Figure 4 shows the dielectric function of the plasmonic QD structure
under study. Its real part has a high positive value which comes from the QD contribu-
tion shown in Fig. 3. The curve shape is different from that of QD and its value is less as a
result of metal contribution.

Figure 5 display propagation constant of SPPs (k,,) at the interface of Ag metal/InAs
QD structure. The value of the imaginary part (blue curve) of k,, is in the range of that of
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Table 1 Some of the parameters
used to simulate plasmonic QD
nanolaser. Some of the calculated
states are also listed

Parameter Value Unit

Bandgap energy of InAs QD 0.354 eV
Background refractive index of InAs QD n, =15

Electron effective mass 0.023m,,

Heavy hole mass of InAs 0.4m,

Electron effective mass of InGaAs 0.03m,,

Heavy hole mass of InGaAs 0.46m,,

Electron effective mass of GaAs 0.067m,

Heavy hole effective mass of GaAs 0.333m,,

Electron effective mass of Ag metal 0.99m,,

Heavy hole effective mass of Ag metal m

Barrier layer thickness tg =10 nm
Ag metal layer thickness ty =3 nm
Ag work function 0, =464 eV
Ariel density of QDs N, =5x10? m?
disc height h=3 nm
Carrier density Ny =3 x 1012 m2
Spectral variance of QDs o =0.05 eV
Variance of the linewidth y =0.05 eV
Calculated parameters through this work

CB edge of barrier 1.0906 eV
VB edge of barrier —0.3335 eV
CB edge of Ag metal 2.7298 eV
VB edge of Ag metal —1.2433 eV
CB edge of InGaAs WL 1.0631 eV
VB edge of InGaAs WL —0.1869 eV

the dielectric medium, while the real part value (red line) of k,, is in the range of metal.
Above plasma frequency w,, the absolute value of Re(ky,,) is larger than Im (k,,,,). This is
an acceptable result since the neglected absorption (i.e. dispersion or real part becomes
important) corresponds to metal while high absorption is adequate for dielectric contribu-
tion which is contrary to the real part (dispersion). Results in Fig. 5 are in agreement with
Baltar et al. (2012).

Figure 6 illustrates the dispersion relation of the plasmonic QD structure at a fre-
quency far below the plasma one (w,). It was shown that at frequencies smaller than w),
the gap between real and imaginary parts was large and a deviation from linear relation
was obvious. Both curves simulate the absorption (gain) and dispersion curves of the QDs.
This may be due to its high contribution in this frequency regime. Near 1/2w,, the gap
decreases and the curves begin coincides which refer to the region of the dominance of
metal characteristics.

Figure 7 express, respectively, the dispersion relations of the real (Fig. 7a) and imagi-
nary (Fig. 7b) parts of the SPP propagation constant k,,, at the Ag/InAs-QD (red curve)
and Ag/Air (blue curve) interfaces. In these figures, the value of the dielectric constant
of air is taken as (¢ = 1). One of the most important features of SPPs is the behavior
near the surface-plasmon frequency, and here appears at w/w, ~ 0.37. At this value, the
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Fig. 2 Dielectric function of Ag metal. (Color figure online)
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Fig.3 Dielectric function of InAs-QD. (Color figure online)

propagation constant along the interface increased enormously than that of the Ag/Air
by more than three orders in the two figures. This is acceptable since the real part of the
dielectric function £, was larger than that of metal €, (as in Figs. 2 and 3), which in
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Fig.4 Dielectric function of metal-Ag/InAs-QD structure. (Color figure online)
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Fig.5 Propagation constant of SPPs in metal-Ag/InAs-QD structure. (Color figure online)

turn leads to increase the optical transmittance of metal (Ag) or lowest its absorption (Al-
Husseini and Al-Khursan 2009). This result is in agreement with Berini and Leon (2012)
for Ag/dielectric, and Vargas (2017) for Ag/air. Figure 7 also shows that the peak of k,,,
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Fig.6 Propagation constant of SPPs in metal-Ag/InAs-QD structure at far below the plasma frequency.
(Color figure online)

corresponds to a very short wavelength, i.e. SPPs wavelength is very short compared with
the peak emitted wavelength of photons.

Figure 8 displays the skin depth spectrum for SPP waves, 6,,,, at the interface of the
metal-Ag/InAs-QD structure. It shows how the electric field decays exponentially. A knee
is shown at the plasma resonance w), of Ag. The skin depth is gradually decreased towards
the metal surface. Form the inset of Fig. 8 one can refer that near plasma frequency of
Ag metal, 6,,, not accedes 50 nm i.e. the SPP field was strongly localized at the inter-
face. Localized SPPs in the zero-dimensional structures have applications in the surface-
enhanced Raman scattering in the super-resolution and best sensitivity in optical imaging
(Okamoto 2011).

Figure 9 indicates the propagation length of SPP, L., , into Ag/InAs-QD interface (blue
curve). The curve of the Ag/Air interface (red dotted curve) was also shown, for compari-
son. It is shown that L, at the Ag/InAs-QD interface was much larger than that in the Ag/
Air interface. This means that SPP mode was well confined in the Ag/InAs-QD interface
while the damping in the SPP energy was high in the Ag/Air interface. The range of L,
values was in the range of that in the literature, for example, He et al. (2012).

7 Conclusions

The dielectric function in the plasmonic QD nanolaser was modeled and studied for an
MSM structure. This was to attain plasmonic nanocavity covered by Ag metal with active
region contains: QD, wetting layer (WL) and barrier. Parameters like: propagation length,
skin depth and propagation constant for SPP were studied. The dispersion relation of the
plasmonic QD structure was evaluated. The gap between real and imaginary parts was large
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Fig.7 a Real and b imaginary parts of k,

pp At metal-Ag/InAs-QD (red curve) and Ag/Air (blue curve) inter-
faces, respectively. (Color figure online)

and a deviation from linear relation was obvious at frequencies smaller than w,. At the

half of w, the gap was decreased due to metal contribution dominance. At a)/a)p ~ 0.37,
then k,,, for Ag/InAs-QD was increased enormously than the Ag/air interface by more than
three orders. The skin depth, J,,,, does not exceed 50 nm i.e. the SPP field was strongly
localized at the interface due to the effect of zero-dimensional QD structure which has
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application in the super-resolution and best sensitivity in optical imaging. The results of
the propagation length of SPP, L, also support this. L, results also refer that the damp-
ing in the Ag/QD interface was low compared to that in the Ag/air interface. The obtained
results are in the range of experimental ones.
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