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Abstract
Supercontinuum generating sources, which incorporate a non-linear medium that can generate a wideband intensity spectrum 
under high-power excitation, are ideal for many applications of photonics such as spectroscopy and imaging. Supercontinuum 
generation using ultra-miniaturized devices is of great interest for on-chip imaging, on-chip measurement, and for future 
integrated photonic devices. In this study, semiconductor nano-antennas are proposed for ultra-broadband supercontinuum 
generation via analytical and numerical investigation of the electric field wave equation and the Lorentz dispersion model, 
incorporating semiconductor electron dynamics under optical excitation. It is shown that by a rapid modulation of the car-
rier injection rate for a semiconductor nano-antenna, one can generate an ultra-wideband supercontinuum that extends from 
the far-infrared (Far-IR) range to the deep-ultraviolet (Deep-UV) range for an infrared excitation of arbitrary intensity level. 
The modulation of the injection rate is achieved by high-intensity pulsed-pump irradiation of the nano-antenna, which has a 
fast nonradiative electron recombination mechanism that is on the order of sub-picoseconds. It is shown that when the pulse 
period of the pump irradiation is of the same order with the electron recombination time, rapid modulation of the free electron 
density occurs and electric energy accumulates in the nano-antenna, allowing for the generation of a broad supercontinuum. 
The numerical results are compared with the semiempirical second harmonic generation efficiency results for validation 
and a mean accuracy of 99.7% is observed. The aim of the study is to demonstrate that semiconductor nano-antennas can be 
employed to achieve superior supercontinuum generation performance at the nanoscale and the process can be programmed 
in an adaptive manner for continuous spectral shaping via tuning the pulse period of the pump irradiation.
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Introduction

Supercontinuum generation is the formation of an ultra-
wideband field spectrum via a complex interplay of sev-
eral non-linear processes such as four-wave mixing and self 
phase modulation. A supercontinuum, often referred to as 
white-light spectrum (Chen et al. 2018), is of interest for 
various applications such as optical metrology, spectroscopy, 
fluorescence lifetime imaging, remote sensing, and optical 
coherence tomography. It is usually attained by the propaga-
tion of ultrashort pulses through long optical fibers or via the 
propagation of relatively longer pulses through optical fibers 

with high nonlinearity, such as photonic crystal fibers where 
mode confinement enables non-linear processes to take place 
at a lower excitation power (Husakou and Herrmann 2002; 
Mühlschlegel et al. 2005; Liu et al. 2015; Krasavin et al. 
2016; Gorbach 2015; Wu et al. 2013; Dasgupta et al. 2018). 
Currently, a photonic crystal fiber is the most compact 
choice for generating a supercontinuum. However, as minia-
turization of optical devices is under continuous progress to 
accomplish more complicated and numerous on-chip tasks, 
supercontinuum generation using micro/nanoscale devices 
is of significant interest. Miniaturizing optical devices is of 
critical importance for future applications such as quantum 
computing and novel metamaterial design, but replacing the 
existing macroscale optical devices with their nanophotonic 
versions while maintaining the same performance and func-
tionality is a big challenge (Park et al. 2018; Horiuchi 2020; 
Bharadwaj et al. 2011; Park 2009; Kullock et al. 2018). 
Recently, micro- and nanoscale structures that can generate 
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a supercontinuum have been reported or proposed (Chen 
et al. 2018; Krasavin et al. 2016; Gorbach 2015; Dasgupta 
et al. 2018). However, these structures have bandwidth limi-
tations and they can generate a supercontinuum either in 
the infrared (IR) or in the visible (VIS) range depending on 
the structure. In this study, semiconductor nano-antennas 
are proposed as energy-storing nanostructures that can gen-
erate an ultra-wideband supercontinuum ranging from the 
far-infrared range to the ultraviolet range of the spectrum 
and attain a supercontinuum-bandwidth that even surpasses 
the supercontinuum-bandwidth that is attained via optical 
fibers. Such a structure is simpler than the previously pro-
posed micro- and nanoscale structures (Chen et al. 2018; 
Monticone et al. 2017; Hanke et al. 2009; Ünlü et al. 2011; 
Montesinos-Ballester et al. 2020; Sain et al. 2019), easier to 
fabricate (Sain et al. 2019), and achieves a wider bandwidth 
than the previously reported bandwidths (Chen et al. 2018; 
Husakou and Herrmann 2002; Mühlschlegel et al. 2005; Liu 
et al. 2015; Krasavin et al. 2016; Gorbach 2015; Wu et al. 
2013; Dasgupta et al. 2018; Park et al. 2018; Horiuchi 2020; 
Bharadwaj et al. 2011; Park 2009; Kullock et al. 2018; Mon-
ticone et al. 2017; Hanke et al. 2009; Ünlü et al. 2011; Mon-
tesinos-Ballester et al. 2020), paving the way for on-chip 
spectroscopy, ultrashort pulse generation, and on-chip high-
energy density storage. The paper also discusses the poten-
tial replacement of photonic crystal fibers with semiconduc-
tor nano-antennas for supercontinuum generation, provided 
that a certain pattern of optical excitation is followed. Latest 
research suggests that the formation of a supercontinuum is 
most interesting when: the highest bandwidth is attained at 
a relatively lower excitation intensity, achieved via a simple 
structure, attained in an adaptive manner (spectral shaping). 
Table 1 mentions some of the prominent studies regarding 
small-scale supercontinuum generation via a comparison 
with the aim of this study.

The size of the proposed structure is considered to be 
10 µm in both width and length, and 300 nm in thickness, 
with the glass substrate having a thickness of 200 nm and 
the semiconductor nano-antenna having a thickness of 
100 nm. The phenomena of supercontinuum generation 
from the nano-antenna is numerically investigated. Here, the 
classical wave equation treatment is followed as the thick-
ness of the nano-antenna is suitable for an accurate clas-
sical analysis (Yang et al. 2019). The wave equation that 
describes the behavior of the electric field, which should 
have the intended supercontinuum pattern, is coupled with 
the Lorentz dispersion equation that incorporates the reso-
nance frequency, electron density, and the polarization decay 
rate of the semiconductor nano-antenna into the wave equa-
tion (Zhang et al. 2019; Dubietis et al. 2019; Hilligsøe et al. 
2004; Hayat et al. 2021; Aşırım and Yolalmaz 2020; Aşırım 
et al. 2020; Kim 2021; Taflove and Hagness 2005; Aşırım 
and Kuzuoğlu 2020a, b; Balanis 2015) The free electron 

injection dynamics is added into the analysis via coupling 
with the Lorentz dispersion equation in the form of two 
seperate differential equations with one describing the free 
electron injection rate and the other describing the decay rate 
of the free electron density.

Throughout the study, the pattern of optical excitation 
of semiconductor nano-antennas is based on the modula-
tion of the electron injection rate. Carrier injection rate 
modulation allows for high electric energy accumulation in 
the semiconductor nano-antenna since the electric field of 
an excitation wave penetrates the nano-antenna when the 
injection rate and the free electron density is low (lower 
efffective permittivity), and then gets largely trapped in the 
nano-antenna as the injection rate and the free electron den-
sity increases (higher effective permittivity) (Novotny and 
Hulst 2011; Merlein et al. 2008; Rahman et al. 1996). As 
the electric field forms a standing wave pattern within the 
semiconductor nano-antenna, the gradual increase in the free 
electron density causes a rapid increase in electric energy 
density, especially if the injection rate is high and the result-
ing change in the free electron density is large. Once the 
free electrons recombine, the accumulated electric energy 
is transferred to the excitation wave. For bulk semiconduc-
tor materials, the free electron density cannot be changed 
significantly, even with intense optical excitation. However, 
for semiconductor nano-antennas with a sub-micron width 
in at least one spatial dimension, the free electron density 
can be changed drastically as the volume is very small and 
more fraction of electrons can be raised from the valence 
band to the conduction band, which also results in a drastic 
change in the effective permittivity (Saleh and Teich 2007; 
Boyd 2008; White et al. 1970). Therefore, modulating the 
free electron density via carrier injection rate modulation 
is a feasible mechanism for semiconductor nano-antennas 
to trap the electric field of an excitation wave inside via 

Table 1  Prominent studies regarding small-scale supercontinuum 
generation

Study Δf (Band-
width) 
(THz)

Excitation 
ıntensity

Spectral shaping

Proposed work ~ 1200 High Available
Chen et al. (2018) ~ 300 High Not available
Krasavin et al. 

(2016)
~ 700 High Not available

Gorbach (2015) ~ 100 High Not available
Ünlü et al. (2011) ~ 300 Low 

(< 1010 W∕m2)
Available

Montesinos-
Ballester et al. 
(2020)

~ 100 Low 
(< 1010 W∕m2)

Available

Adamu et al. 
(2019)

~ 1400 High Not available
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effective permittivity modulation, and enable electric energy 
accumulation within the antenna. It is this large increase in 
electric energy density within the nano-antenna that allows 
the generation of a supercontinuum (Adamu et al. 2019; 
Wang and Zhang 2017).

The profile of the carrier injection rate modulation 
depends on the recombination mechanism of the semicon-
ductor nano-antenna. Since we want to trap the electric field 
inside a very small thickness, the modulation of the free 
electron density should be fast. Radiative recombination 
occurs on the scale of nanoseconds and this rate is not suf-
ficient to trap the electric field of an excitation wave, as the 
electric field would have disappeared by that time through 
successive reflections inside the nano-antenna. Therefore, 
one must resort to the investigation of the nonradiative 
recombination processes. It is known that when the free 
electron density is very high, nonradiative recombination 
occurs on the scale of sub-picoseconds due to Auger recom-
bination (Saleh and Teich 2007; Wang et al. 2007). This 
makes nonradiative recombination an ideal process for mod-
ulating the free electron density through carrier injection 
rate modulation via intense pulsed excitation of the nano-
antenna with a pulse period that is on the same scale with 
the nonradiative recombination rate of the free electrons. In 

other words, apart from the excitation wave which is used 
for supercontinuum generation, one also needs a pump wave 
for the carrier injection rate modulation process. Essentially, 
the excitation wave is used to adjust the average intensity 
of the supercontinuum and the pump wave is used to adjust 
its bandwidth. A high amplitude for both waves leads to a 
high gain–bandwidth product. It is important to note that 
the pump wave frequency must be higher than the bandgap 
frequency of the semiconductor nano-antenna to raise the 
electrons to the conduction band. Once the electrons decay 
to the valence band, the subsequent pump wave pulse should 
raise them back to the conduction band and this cycle of 
free electron density modulation should continue until the 
supercontinuum is fully generated, which takes a few pico-
seconds. Figure 1 illustrates the side view of the proposed 
semiconductor nano-antenna with a resonance frequency 
of f1 , relative permittivity of �1 , conductivity of �1 , and a 
polarization decay rate of �1 . 

Practical implementation

Supercontinuum generation via carrier injection rate modu-
lation process can easily be implemented in experiment. The 
required setup is illustrated in Fig. 2b. In this configuration, 
the continuous infrared excitation light is combined with a 
pulsed-pump light using beam splitters. The pulsed-pump 
light is used for carrier injection rate modulation, which 
determines the bandwidth of the generated supercontinuum, 
such that as the pump wave amplitude is increased so as the 
bandwidth of the supercontinuum. Whereas the continuous 
infrared excitation light determines the intensity level of the 
generated supercontinuum. The recombination rate of the 
electrons should be in the same timescale with the pulse 
period of the pump light so that the electrons are 

Fig. 1  Side view of the proposed semiconductor nano-antenna (draw-
ing is not to scale)

Fig. 2  a Transmission configuration of the beam splitters. b Proposed setup for supercontinuum generation via carrier injection rate modulation 
using a semiconductor nano-antenna. The continuous excitation beam is combined with the intense pump beam pulses using beam splitters.
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immediately re-excited to the conduction band to maintain 
the modulation cycle. The pump light from the injection 
source is assumed to have an energy of 500 μJ and a pulse 
duration of 50 fs. Whereas the excitation pulse is set to have 
a duration of 5 ps in continuous operational mode. The pump 
light is coupled to a resonator that consists of an isolator and 
a beam splitter (see Fig. 2a) that couples approximately 1% 
of the pump-light power to a 2nd beam splitter. The 2nd 
beam splitter then fully reflects the pump-light pulse to a 
focusing lens to be focused on the semiconductor nano-
antenna. The rest of the pump light circulates in the resona-
tor and at each round trip another 1% of it is sent to the 
nano-antenna surface. This allows for a complete pulsed 
operation of the intense pump beam throughout the duration 
of the continuous excitation beam and enables an efficient 
carrier injection rate modulation scheme. The pulse period 
of the pump light is set by adjusting the distance between the 
isolator and the 1st beam splitter, i.e., the resonator length d  
(see Fig. 2b). For example, if the electron recombination 
time �r is to be equated to the pulse period of the pump wave, 
then the round-trip delay that is introduced by the resonator 
is set to be equal to �r . Hence, the distance relation would be 
satisfying: 2d

/(
3 × 108

(
m

s

))
= �r.

A single pump-light pulse that is coupled out of the resonator, 
has an energy of 5 μJ. Dividing this value to the pulse duration 
of a single pump-light pulse yields to the power: 5  μJ/
(50 fs) = 1 ×  108 W. When focused by a lens onto the semicon-
ductor nano-antenna cross section (the nano-antenna is assumed 
to have a length and width of 10 µm both), this amount of power 
yields an intensity of I = P

A
=

1×108 W

�(5×10−6 m)
2 ≈ 1.28 × 10

18 W∕m2 , 
which corresponds to an electric field intensity of 
E =

√
I

0.5×
(
3×

108 m

s

)
×8.854×10−12

(
F

m

) ≈ 3 × 10
10 V∕m . There-

fore, the pump wave electric field has a pulse amplitude on the 
order of 1010 V∕m , whereas the excitation wave amplitude can 
have an arbitrary value. It is important to mention that in this 
study the pump wave is assumed to be polarized in the out of 
plane (orthogonal) direction, while the excitation wave is polar-
ized along the plane (parallel). Hence, as an isotropic nano-
antenna is assumed, the two waves do not couple to each other 
in response to nonlinearity.

The proposed architecture is simple and can be applied 
for an arbitrary nano-antenna for accomplishing the same 
purpose, provided that the temporal scale of the electron 
recombination time matches with the round-trip time of 
the pump laser pulse in the resonator. Hence, for a given 
semiconductor, the resonator length d must be adjusted 
accordingly, so that the optical pumping rate matches with 
the temporal scale of the electron recombination time, 
hence the carrier injection rate is controlled. The carrier 
injection rate can also be arbitrarily modified via modify-
ing the resonator length to control the free electron density 

in the semiconductor for adaptively shaping the supercon-
tinuum pattern for band-specific emission. This will, to a 
large extent, eliminate the need for materials with special 
structures or properties for supercontinuum formation. The 
suggested system may cause an overheating of the semicon-
ductor when high energy density is accumulated after a long 
duration of pulsed-pump operation. This can cause the elec-
tron recombination time to decrease further due to a higher 
rate of Auger recombination and may require the resonator 
length to be shortened to rematch the electron recombination 
time and the pump-pulse period.

It should also be noted that after a very long duration of 
pulsed-pump operation, the formation of high energy density 
within the semiconductor may modify the physical prop-
erties of the semiconductor or even lead to a total optical 
breakdown, thereby disrupting or destroying the operation of 
the system. For this reason, the amplitude of the pump pulse 
should be carefully selected, and it should not be selected 
way beyond the values that are given in this paper.

The excitation source can be selected as any type of near 
infrared laser source, such as the Nd:YAG laser source 
(282 THz). The pump laser source on the other hand, has 
to have a center frequency that is greater than the bandgap 
frequency of the semiconductor material. Throughout this 
paper, it is assumed that the semiconductor is GaAs, which 
has a bandgap frequency of 345 THz. Therefore, the pump 
laser can be an Alexandrite laser (400 THz) or a ruby laser 
(445 THz), which is energized enough to generate an elec-
tron–hole pair.

Methods

The semiconductor nano-antenna has a very small thickness 
(100 nm), but a relatively large width (10 µm). Such a large 
slab width allows for an infinite-slab assumption for the most 
part of the desired supercontinuum (mainly for frequen-
cies greater than 100 THz). For supercontinuum frequen-
cies below 100 THz, a small relative error in the spectral 
amplitude is expected to occur (Balanis 2015). However, 
for the most part of the IR–UV range supercontinuum, one 
can safely investigate the problem in one dimension, which 
is along the thickness of the semiconductor nano-antenna.

The electric field wave equation (of the excitation) is 
solved along with the Lorentz dispersion equation for semi-
conductors, in other words, the electric field is solved in 
parallel with the electric polarization density. The electron 
dynamics is incorporated into the formulation via defining a 
generation and a recombination rate based on the intensity, 
duration, period of the pump (injection) pulses, and the elec-
tron recombination time respectively. The resulting set of 
equations are solved using the finite difference time domain 
method in one dimension. The proposed semiconductor 
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nano-antenna requires the computation of the excitation 
field along its thickness, which we designate here as the 
y-direction. The solution of the set of discretized partial dif-
ferential equations requires the imposition of an absorbing 
boundary condition from both sides of the computational 
domain as this is an open boundary problem. The perfectly 
matched layer described in Taflove and Hagness (2005) is 
used to absorb the scattered field in order to prevent reflec-
tion or re-radiation back into the computational domain 
which would produce erroneous results. Figure 5 shows the 
domain of computation, which involves the total field in one 
sub-domain and the scattered field in the other sub-domain. 
The two subdomains are seperated by the boundary or axis, 
known as the total field-scattered field (TF/SF) boundary, 
where the incident field is excited towards the semiconduc-
tor (Fig. 3).

Supercontinuum generation is a temporal phenomenon, 
hence, focusing on a single component of the excitation 
wave electric field is sufficient. Assuming the domain of 
analysis lies in the x–y plane, the planar component of the 
electric field ( Ex) will be computed. The TF/SF boundary is 
defined at the point y = ym and the incident excitation wave 
electric field at the TF/SF boundary is defined as 

In the air and glass regions (apart from the semiconductor 
region), as the conductivity and the polarization density are 
negligible, one only needs to solve the homogenous electric 
field wave equation with a specific value of electrical permit-
tivity in each region:

Air region: ( � = �0)

Ex,inc

(
y= ym, t

)
= A × cos(2�vt + �);A ∶ amplitude

(
V

m

)
,

v ∶ excitation frequency,� ∶ phase angle.

Glass region: ( � = �∞)

The real challenge is to solve for the electric field 
inside the semiconductor region. For a semiconductor, 
the wave dynamics and the electron dynamics need to be 
investigated separately. Solving for the full wave dynam-
ics requires the solution of the electric field wave equa-
tion (Eq. 3), Lorentz equation for the polarization density 
of bound charges (Eq. 4), and the Lorentz equation for 
the polarization density of free electrons (Eq. 5). The 
density of free electrons is obtained by the addition of 
Eq. (6), which describes the rate of change of the free 
electrons in a unit volume via the injection and recombi-
nation rates. Equation (5), which is the Lorentz equation 
for free electrons, is, therefore, coupled with Eq. (6). As 
the nano-antenna volume is small, injection rate can be 
considered as very high; therefore, the electron recombi-
nation time is also a function of the free electron density 
(Saleh and Teich 2007) and this makes Eq. (6) a non-
linear formulation.

Electric field wave equation: ( E = Ex)

Lorentz equation for the polarization density of bound 
charges:

(1)∇2E − �0�0
�2E

�t2
= 0

(
E = Ex

)
.

(2)∇2E − �0�∞
�2E

�t2
= 0

(
E = Ex

)
.

(3)∇2E − �0�∞
�2E

�t2
= �0�

�E

�t
+ �

0

d2P

�t2
.

Fig. 3  Configuration for the 
one-dimensional analysis of 
the supercontinuum generation 
process using a semiconductor 
nano-antenna mounted/fabri-
cated on top of a glass substrate
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Lorentz equation for the polarization density of free 
charges:

Rate equation for the carrier density

A: Shockley–Read–Hall nonradiative recombina-
tion coefficient (trap, impurity, or defect based), 
B: radiative band-to-band recombination coeffi-
cient, C: auger recombination coefficient (Nocedal 
and Wright 2006), G: carrier density injection rate, 
�
r
∶ electron recombination time, �

0
∶ free space permittivity , 

Ep ∶ pump electric f ield(polarized out of paper),Pb∕f ∶

polarization density of bound∕free charges  ,  h ∶ Planck

constant,Q ∶ total electron density, c ∶ speed of light  , 
�0 ∶ transition frequency  ,  E ∶ electric f ield (excitation),

Q
b
∶ bound electron density, d ∶ atom diameter, Q

f
∶ free

electron density  ,  P ∶ total polarization density, � ∶ electrical

conductivity, m ∶ electronmass, T ∶ simulation duration  , 
�
b∕f ∶ polarization damping rate of bound∕free electrons,

�∞ ∶ relative permittivity, e ∶ charge  ,  Δw ∶ thickness

of the semiconductor nanof ilm(Δw = 100 nm in this study),

v
p
∶ pump frequency , Ep(t) = Ap × cos

(
2�vpt + �p

)
, where

hvp > Eg,Eg ∶ bandgap energy of the semiconductor.

Notice that in Eq. (6), there is the injection term G(t) 
which depends on the square of the pump wave electric 
field. The pump wave electric field Ep is not included in the 
wave equation as it is only used to excite the electrons from 
the valence band to the conduction band and is assumed 
to be polarized in the z direction so that it is not coupled 
to the excitation field E. Hence, given that its frequency is 
greater than the bandgap frequency of the semiconductor 
nano-antenna, the pump electric field is absorbed by the 
nano-antenna, and this effect is incorporated by the car-
rier density injection term G(t) in the semiclassical part of 
the formulation. There are two basic advantages of using 

(4)

d
2
P
b

dt
2

+ �
b

dP
b

dt
+ �

0

2
P
b
−

�
0
2
P
b

2

(Q − Q
f
)ed

+
�
0
2
P
b

3

(Q − Q
f
)2e2d2

=
(Q − Q

f
)e2E

m
.

(5)
d2Pf

dt2
+ �f

dPf

dt
=

Qf e
2E

m
.

(6)

dQf

dt
= G(t) −

Qf

�r
=

c�0(Ep(t))
2

2hvpΔw
− AQf − BQf

2 − CQf
3
,

�r =
1

(
A + BQf + CQf

2
) , G(t) =

c�0(Ep(t))
2

2hvpΔw
,

P = Pb + Pf , Q = Qb + Qf , Qf (0) = 0, Q(0) = Qb(0).

a semiconductor nano-antenna for supercontinuum genera-
tion. The first one is the small volume of the nano-antenna, 
such that the carrier density is easily modulated in high con-
centrations with a relatively much smaller pump intensity. 
The second advantage is that the cross-sectional area of a 
nano-antenna is quite small, therefore, by focusing a laser 
beam of high power via a lens, a very large intensity can 
be obtained at the nano-antenna cross section. This allows 
for ultra-high-intensity supercontinuum generation for well-
focused excitation beams.

After reordering the terms for evaluating each quantity 
at the next time step “j + 1” using the finite difference time 
domain (FDTD) discretization, the discretized forms of 
Eqs. (3–6) become:

x: spatial coordinate, t: time, E(x, t) = E(iΔx, jΔt, ) →

E(i, j), i = 1, 2,…N, j = 1, 2,… ,M.

To prevent error propagation, it is important to make sure 
that the temporal and spatial discretization, Δt and Δx , are 
chosen small enough. Although this drastically increases 
the computational cost, it is required as the problem is non-
linear and there is no obvious error criterion to be satisfied. 
For more information, reference (Taflove and Hagness 2005) 
can be useful.

(7)

E(i, j + 1) = −
Δt2

�∞

{

�
E(i, j) − E(i, j − 1)

�∞Δt

+
P(i, j + 1) − 2P(i, j) + P(i, j − 1)

�∞Δt
2

−
E(i + 1, j) − 2E(i, j) + E(i − 1, j)

�∞�0
Δx2

−
2E(i, j) − E(i, j − 1)

Δt2

}

,

(8)

Pb(i, j + 1) =2Pb(i, j) − Pb(i, j − 1) − �bΔt
(
Pb(i, j)

−Pb(i, j − 1)
)
− �

0

2Δt2Pb(i, j)

+
�
0
2Δt2Pb

2(i, j)

(Q(j) − Qf (j))ed
−

�
0
2Δt2Pb

3(i, j)

(Q(j) − Qf (j))
2e2d2

+
(Q(j) − Qf (j))e

2Δt2E(i, j)

m
,

(9)

Pf (i, j + 1) =2Pf (i, j) − Pf (i, j − 1) − �fΔt
(
Pf (i, j)

−Pf (i, j − 1)
)
+ Δt2

Qf (j)e
2

m
(E(i, j)),

(10)
Qf (j + 1) =Qf (j) +

1

2
c�

0
(Ep(j))

2

eΔw
Δt

− A(Qf (j))Δt − B(Qf (j))
2Δt

− C(Qf (j))
3Δt,
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Adaptive supercontinuum generation via non‑linear 
programming

It is also possible to control the shape of the generated super-
continuum such that the spectral density of the excitation 
wave is maximized within a desired frequency interval or 
bandwidth at a certain time slot. This is done by discretizing 
Eqs. (3–6) in a recursive manner. To achieve this, the center 
frequency of the quasi-monochromatic excitation wave, the 
center frequency of the quasi-monochromatic pump wave, 
and the pump wave pulse modulation frequency are adap-
tively tuned within a certain bandwidth based on the con-
strained gradient descent algorithm as follows (Nocedal and 
Wright 2006): 

Gradient descent update:

There are constraints on the tunability of each aforemen-
tioned frequency. This is to be set by the designer based on 
practical constraints. Consequently, each frequency can only 
be tuned within a certain bandwidth: 

The objective function in this case, is the spectral den-
sity in a desired bandwidth that is bounded by a minimum 
frequency of �1 and a maximum frequency of �2 , plus the 
penalty functions that quadratically decrease the objective 
function in cases of constraint violations, where the mini-
mum or maximum frequency value is exceeded: 

Hence, the algorithm basically searches for the frequency 
parameters that shape the generated supercontinuum in such 
a way that the intensity is maximized at a target bandwidth. 
Based on the outlined algorithm, Eqs. (3–6) are solved as a 
function of the parameter vector v(k) for adaptive supercon-
tinuum generation:

v
(k) =

[
�excitation,�pump, �modulation

]
=
[
�
1,
�
2
, �

3

]
∶

optimization parameter vector at the kth iteration.

(11)
v
(k) = v

(k−1) − �k

f
(
v
(k−1)

)
− f

(
v
(k−2)

)

v
(k−1) − v

(k−2)
, f
(
v
(k)
)
∶ objective function,�k ∶ step size.

𝜈min,1 < 𝜈1 < 𝜈max,1, 𝜈min,2 < 𝜈2 < 𝜈max,2, 𝜈min,3 < 𝜈3 < 𝜈max,3.

(12)f
(
v
(k)
)
=
|||
E
(
𝜔1 < Ω < 𝜔2

)|||
= ∫

𝜔2

𝜔1

|||||

{

∫
T

0

{E(y = y
�
, t)e−i(2𝜋Ω)t}dt

}|||||

2

dΩ −
{∑3

i=1
𝛿i(𝜈i − vmax,i)

2
}
−
{∑3

i=1
𝜁i
(
𝜈i − vmin,i

)2}
,

(13)

𝛿i =

{
0 if 𝜈i < vmax,i

> 0 if 𝜈i > vmax,i

}

, 𝜁i =

{
0 if 𝜈i > vmin,i

> 0 if 𝜈i < vmin,i

}

,

Ω ∶ frequency,
{
�i, �i

}
∶ penalty coeff icients.

The step size �k is determined at each iteration with 
respect to the sufficient increase condition, such that

In this case, Eqs. (14–17) must be solved recursively 
based on the gradient descent algorithm until the desired 
spectral density is obtained within a target frequency 
interval at a given time slot. It is important to note that 
the excitation frequency should not be tuned beyond the 
bandgap frequency of the semiconductor nano-antenna 
to avoid absorption as this might delay the formation 
of the supercontinuum. The outlined algorithm ena-

bles the optimal injection profile to be determined with 
respect to a given excitation wave frequency, pump 
wave frequency, and pump wave pulse modulation 
frequency, such that both the internal electric energy 
density and the rate of energy transfer to the excitation 
wave are simultaneously maximized within the desired 
bandwidth. From this aspect, the carrier injection rate 
modulation process not only enables the generation 
of an ultra-broadband supercontinuum, but also ena-
bles dynamic control over the shape of the generated 
supercontinuum.

(14)

∇2E
(
v
(k)
)
− �0�∞

�2E(v(k))

�t2
= �0�

�E(v(k))

�t
+ �

0

d2P(v(k))

�t2
,

(15)

d
2
P
b
(v(k))

dt
2

+ �
b

dP
b
(v(k))

dt
+ �

0

2
P
b
(v(k))

−
�
0
2
P
b

2(v(k))

(Q − Q
f
)ed

+
�
0
2
P
b

3(v(k))

(Q − Q
f
)2e2d2

=
(Q − Q

f
)e2E(v(k))

m
,

(16)
d2Pf (v

(k))

dt2
+ �f

dPf (v
(k))

dt
=

Qf e
2E(v(k))

m
,

(17)

dQf

dt
= G(t) −

Qf

�r
=

c�0(Ep(t, v
(k)))

2

2hvpΔw
− AQf − BQf

2 − CQf
3
.

(18)f (vk+1) > f (vk) + 0.5𝜇k‖∇fk‖
2
.
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Numerical simulation

In this section, supercontinuum generation via carrier 
injection rate modulation will be investigated based on 
the parameters of Gallum Arsenide (GaAs), which is the 
material of choice for the semiconductor nano-antenna. 

The high-intensity infrared (IR) excitation field E with a 
frequency of 300 THz, and the pulsed IR 400 THz pump 
field Ep (50 pulses) are incident on the semiconductor nano-
antenna as in the setting depicted in Fig. 4. Both the excita-
tion and the pump wave are originated at y = 2.5 μm at time 
t = 0 s. The full configuration of the analysis is as follows 
(Saleh and Teich 2007; Boyd 2008; Wang et al. 2007):

E(y = 2.5�m, t) = 2 × 10
10cos

(
2�(3 × 10

14)t
)
(u(t) − u(t − ΔT))

V

m
,ΔT = 5 ps, u(t) ∶ unit step function,

Ep(y = 2.5�m, t) =

49∑

k=0

2 × 10
10cos

(
2�

(
4 × 10

14
)
t
)(
u
(
t − kΔTp

)
− u

(
t − kΔTp − 0.05 ps

))V
m
,ΔTp = 0.1 ps,

Spatial and temporal intervals of the simulation ∶ 0 ≤ x ≤ 10�m, 0 ≤ t ≤ 5 ps,

Resonance frequency of GaAs ∶ fr = 1.1 × 10
15 Hz, relative permittivity of GaAs ∶

(
�∞

)
= 13,

GaAs bandgap frequency ∶ fg = 345THz, GaAs polarization damping rate for bound electrons ∶ �b = 10MHz,

GaAs polarization damping rate for free electrons ∶ �f = 10MHz, modulation frequency ∶ fp = 10THz = 1∕ΔTp,

Spatial range of the semiconductor nanoantenna ∶ 3𝜇m < x < 3.1𝜇m,

Fig. 4  Excitation of the semi-
conductor nano-antenna in a 
one-dimensional setting
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Since the total simulation duration is 5 ps, an array of 50 
pump-pulses with a pulse period of 0.1 ps and a pulse dura-
tion of 50 fs are used. The resulting supercontinuum pattern 
of the excitation field E is computed at x = 5.6 �m , which is 
the center point of the distance between the right perfectly 
matched layer and glass. The density of electrons, which is 
the number of atoms times the number of valence electrons, 
and the value of the recombination coefficients are chosen 
as approximate values for Gallium Arsenide (Saleh and 

Lef t perfectly matched layer ∶ 0𝜇m < x < 2.25𝜇m,

right perfectly matched layer ∶ 7.5𝜇m < x < 10𝜇m,

Electron density ∶ Q = 3.5 ×
10

29

m3
, atom diameter ∶ d = 0.3 nm,

Auger recombination coeff icient ∶ C =
10

−45 m6

s
,

Shockley − Read − Hall recombination coeff icient ∶ A =
10

9

s
,

Radiative recombination coef ∶ B =
10

−18m3

s
,

Relative permittivity of glass ∶
(
�
r

)
= 3.75 (�

r
= 1),

GaAs conductivity ∶ � = 10
−4 S∕m.

Teich 2007; Boyd 2008; Wang et al. 2007). To solve for the 
electric field, Eqs. (7–10) are used. Constraints of memory 
have allowed for a spectral investigation of the generated 
supercontinuum up to 2000 THz with a resolution of 1 THz. 
The generated supercontinuum of the excitation wave, which 
encompasses all spectral regions from Far-IR to Deep-UV, 
is illustrated in Fig. 5. The reason for this extreme spectral 
widening is due to the carrier injection rate modulation via 
pulse modulated pump wave excitation, which enables an 
extreme accumulation of electric energy density by a sudden 
drastic increase in free electron density (hence the effective 
permittivity), while the excitation wave is fully present in 
the nano-antenna as a standing wave. When the electrons 
recombine, the electric energy in the nano-antenna suddenly 
decreases, but the difference in electric energy is transferred 
to the excitation wave. This transfer of energy to the excita-
tion wave continues for each pump wave pulse period (for 
each excitation–recombination process) until the spectrum 
of the excitation wave spans the desired range. The number 
of the required pump wave pulses is decided based on the 
total spectral broadening time. 

If one decides to shape the supercontinuum such that the 
excitation wave spectrum becomes dominant in the Infra-
Red region for example, then one can apply Eqs. (11–18) 
so that the spectral density is maximized within the infrared 
bandwidth (10 THz < f < 400 THz). Doing so, it is found 
that for an excitation frequency of f = 270.3 THz (other 
parameters are all kept the same), the supercontinuum emits 
strongly in the infrared region as shown in Fig. 6.

Fig. 5  Generated supercon-
tinuum for the excitation wave 
based on the given parameters
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Similarly, one can maximize the spectral density of the 
excitation wave in the ultraviolet range. Tuning the pump 
wave center frequency at 403.8 THz, the pump wave pulse 
modulation frequency at 8.86 THz, and the excitation wave 
frequency at f = 332.1 THz, the spectral intensity between 
1200 THz < f < 1800 THz can be maximized as shown in 

Fig. 7. For the ultraviolet range, it is more challenging to 
increase the spectral density as the harmonic generation 
efficiency decreases with increasing frequency in a super-
continuum (Aşırım et al. 2020). 

It is important to emphasize that once the carrier injec-
tion rate modulation effect is removed or overrelaxed, 

Fig. 6  Excitation wave 
supercontinuum adapted for 
maximum IR emission

Fig. 7  Excitation wave 
supercontinuum adapted for 
maximum UV emission



11Applied Nanoscience (2022) 12:1–16 

1 3

a supercontinuum cannot be generated. An example of 
this is shown in Fig. 8, where the carrier injection rate 
is modulated via a much lower pump wave amplitude 
(  Ep = 2 × 10

7 V∕m, i.e., decreased by a factor of 1000). 
Due to this lower pump wave amplitude, the supercontinuum 
generation effect subsides due to a negligible number of free 
electrons being modulated. This is because as more electrons 
are modulated (generated and recombined), permittivity 
change becomes greater, and more intensity can be stored/
trapped and released in a continuous cycle. Hence, the accu-
mulated field intensity yields to a stronger harmonic genera-
tion, and a subsequent wave mixing of different harmonics, 
resulting in the generation of a broader supercontinuum.

It should be noted that due to the high-intensity pulsed-
pump operation, the noise that is generated by thermal emis-
sion via nonradiative electron recombination, is of minor 
concern. Hence, in this study, the discussion on thermal 
noise is omitted. Nevertheless, one should act cautiously 
when a pump wave of relatively low intensity is used, as 
thermal emission would be more pronounced in such a case.

Electric energy accumulation 
in the nano‑antenna via carrier injection rate 
modulation

When the injection rate in a semiconductor material is con-
stant, the steady-state operation is reached almost immediately 
(Saleh and Teich 2007). Therefore, the number of free elec-
trons remains constant, which explains that the change in the 

electric energy due to free electrons is zero. Hence, no energy 
can be transferred to the excitation wave for a constant injec-
tion rate. However, when the injection rate is modulated, the 
number of free electrons is continuously changed via an initial 
increase and a subsequent decrease. Under injection rate mod-
ulation, the electrons gain their energy from the pump wave 
(source of injection) to reach the conduction band. When the 
electrons lose their energy, they decay back to the valence 
band where they resume their orbiting around the atom. If 
there is no excitation wave in the medium, the energy that is 
released by the recombining electrons can be dissipated as 
heat or spontaneous photon emission. When there is an excita-
tion wave in the semiconductor medium, that is fully present 
in the medium as a standing wave pattern, some of the energy 
that is released by the recombined electrons is transferred 
to the excitation wave (Saleh and Teich 2007; Boyd 2008). 
Since, the effective permittivity is frequently increased by the 
carrier injection rate modulation, the excitation wave is pre-
served in the semiconductor material and continuously gains 
energy from the free electron modulation process. The excita-
tion wave keeps on polarizing the free and bound electrons, 
which increases the energy density even further. The follow-
ing example with the same structural (material) parameters 
as given in “Numerical simulation”, investigates this process:

Excitation wave: (pulse amplitude = 1 MV/m, pulse 
width = 5 ps, excitation frequency is to be tuned)

Pulse modulated pump wave for carrier injection 
rate modulation: (pulse amplitude = 30  GV/m, pulse 
width = 50  fs, pump frequency = 440  THz, pump-pulse 
period = 0.2 ps)

Pump wave without pulse modulation (no carrier injec-
tion rate modulation): (pulse amplitude = 30 GV/m, pump 
frequency = 440 THz) 

Semiconductor (GaAs) material parameters:

E(y = 2.5�m, t) = 1 × 10
6cos

(
2�(fexcitation)t

)

(u(t) − u(t − ΔT))
V

m
,

ΔT = 5 ps, u(t) ∶ unit step function.

Ep

�

(y = 2.5�m, t) =

25∑

k=0

3 × 10
10cos

(
2�

(
4.4 × 10

14
)
t
)

(
u
(
t − kΔTp

)
− u

(
t − kΔTp − 0.05 ps

))V
m
,

ΔTp = 0.2 ps.

Ep = 3 × 10
10cos

(
2�

(
4.4 × 10

14
)
t
)
(u(t) − u(t − ΔT))

V

m
,ΔT = 5 ps.

GaAs conductivity ∶ � = 10
−4 S∕m,

Fig. 8  Excitation wave spectrum in the case of significantly decreased 
carrier injection rate (via decreasing the pump wave amplitude by a 
factor of 1000) based on the given parameters. The supercontinuum 
generation effect has subsided and only the excitation frequency and 
its second harmonic are dominant in the spectrum
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 D ∶ electric f lux density , P ∶ electric polarization density , 
E ∶ electric f ield intensity,  W

e

�

∶ electric energy density

with carrier injection ratemodulation(measured at x = 5.6�m), 
W

e
∶ electric energy density without carrier injection rate

modulation(measured at x = 5.6�m).

The electric energy densities We and We

′ are computed in 
Table 2 with respect to the excitation wave frequency.

• As seen in Table 2, the electric energy density is much 
greater for the case of modulated carrier injection rate for 
each excitation wave frequency.

• Since the supercontinuum generation phenomena 
depends on the intra-material electric energy (Park 2009; 
Hanke et al. 2009; Sain et al. 2019; Adamu et al. 2019; 
Li et al. 2019), based on this result, it is concluded that 
the modulation of the carrier injection rate is essential for 
ultrabroad supercontinuum generation.

It is very important to state that the accumulation of a 
gigantic amount of electric energy density may cause optical 
damage to the semiconductor material under long durations 
of operation due to excessive heat dissipation. For this rea-
son, a seperate heat monitoring/controlling system can be 
incorporated to the presented system for long durations of 
high-energy density operation. Additionally, excessive heat 
dissipation might also be beneficial for high-rate carrier 
injection via a higher rate of electron recombination, allow-
ing for a faster operation speed. This can enable high-speed 
adaptive control over the generated supercontinuum pattern, 

Resonance frequency of GaAs ∶ f
r
= 1.1 × 10

15 Hz,

relative permittivity of GaAs ∶
(
�∞

)
= 13,

GaAs bandgap frequency ∶ f g = 345THz,

GaAs polarization damping rate of bound electrons ∶

�b = 10MHz,

GaAs polarization damping rate of freeelectrons ∶ �f = 10MHz,

Electron density ∶ Q = 3.5 ×
10

29

m3
, atom diameter ∶ d = 0.3 nm, auger recombination coeff icient ∶ C =

10
−45 m6

s
,

Schockley − Read − Hall recombination coeff icient ∶ A =
10

9

s
, radiative recombination coef ∶ B =

10
−18 m3

s
,

(19)

W
e
= Electric energy density

=
1

2
ED =

1

2
E
(
�
0
E + P

)
=

1

2
�
0
E
2 +

1

2
EP,

provided that the degree of heat dissipation does not cause 
optical dielectric breakdown nor any other sort of serious 
optical damage.

Concerning the stability of the system, since the super-
continuum is generated within a duration of 5–10 ps based 
on the given parameters, the system should not be operated 
way beyond 10 ps for the generation of a single supercon-
tinuum pattern to avoid excess energy accumulation that can 
harm the material. For adaptive supercontinuum shaping, the 
duty cycle of supercontinuum generation should be below 

Table 2  Electric energy density with and without carrier injection 
rate modulation versus excitation wave frequency

fexcitation (THz)
W

e

�
(

J

m3

)
W

e

(
J

m3

)

200 9927 3.28

250 5.43 × 10
4 4.12

300 6.21 × 10
4 4.17

350 2.13 × 10
5 4.39

400 1.11 × 10
5 7.129

446 5.67 × 10
6

9.52 × 10
5

500 2.06 × 10
6 51.9

550 3.27 × 10
5 246.8

600 8.95 × 10
5 653.4

654 4.75 × 10
5

3.13 × 10
4

700 2.45 × 10
5 1750

750 2.31 × 10
5 1778

800 2.79 × 10
6

2.96 × 10
4

0.1% to prevent overheating (Adamu et al. 2019), (Wang 
and Zhang 2017).

Comparison with semiempirical results

The root of supercontinuum generation via an excitation 
wave is the second harmonic generation (SHG) process 
(Montesinos-Ballester et al. 2020; Hilligsøe et al. 2004). 
Hence for the verification of the analytical and the numerical 
model presented in this study, the computationally obtained 
results should be compared with experimental results in the 
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context of second harmonic generation (SHG) efficiency. In 
the upcoming simulation, the second harmonic generation 
efficiency is computed via Eqs. (7–10) for different exci-
tation wave intensities ranging from 1011 to 1016 W∕m2and 
the results are compared with the well-established semiem-
pirical SHG-effiency formula (Saleh and Teich 2007; Boyd 
2008; White et al. 1970) for computational error analysis.

Comparison of numerical and semiempirical second 
harmonic generation efficiencies

Assume that a 1  μm thick semiconductor slab, which 
acquires a free electron density via an ultraviolet (UV) pump 
wave, is stimulated by a high-intensity excitation wave with 
a frequency of 400 THz and a duration of 5 ps. Both the 
high-intensity excitation wave and the UV-pump are origi-
nated at y = 2.5�m (see Fig. 9). The amplitude of the excita-
tion wave at y = 2.5�m varies as follows: 

The UV-pump, which is greater in intensity, has a fre-
quency of 900 THz and a duration of 5 ps:

The parameters of the simulation are given as follows:

E(y = 2.5�m, t) =A × cos
(
2�(4 × 10

14)t
)
× (u(t)

−u(t − ΔT))
V

m
, u(t) ∶ unit step function,

ΔT = 5 ps, where, 107 ≤ A ≤ 1.5 × 10
9 V∕m, such that

A = {107, 2 × 10
7
, 3 × 10

7
,… , 1.5 × 10

9}.

Ep(y = 2.5�m, t) =1.5 × 10
11cos

(
2�(9 × 10

14)t
)

(
u
(
t − ΔTp

))V
m
, whereΔTp = 5 ps.

Fig. 9  Time variation of the free and bound electron densities for the given configuration in 6.1

Slab conductivity ∶ � = 10
−4 S∕m , recombination coef-

ficients: same values as given in “Numerical simulation”.
Based on this setting, the time variations of the free and 

bound electron densities are plotted in Fig. 9.
The goal is to compute the intensity of the generated sec-

ond harmonic of the excitation wave (at 800 THz) using 
Eqs. (7–10, 21) and the experimental SHG efficiency for-
mula that is given in Eq. (20) (Saleh and Teich 2007; Boyd 
2008; White et al. 1970)

Spatial and temporal intervals of the simulation ∶

0 ≤ x ≤ 10�m, 0 ≤ t ≤ 5 ps,

Resonance frequency of the semiconductor slab ∶

f
r
= 1.1 × 10

15 Hz, bandgap frequency = 500THz,

Polarization damping rate of the semiconductor

slab for bound∕free electrons ∶ �
b∕f = 1 × 10

10 Hz,

Background permittivity of the semiconductor slab ∶
(
�∞

)
= 13(�

r
= 1),

Spatial range of the semiconductor slab ∶ 3.1𝜇m < x < 4.1𝜇m,

Lef t perfectly matched layer ∶ 0𝜇m < x < 2.25𝜇m,

right perfectly matched layer ∶ 7.5𝜇m < x < 10𝜇m,

Density of valence electrons ∶ Q = 2 ×
10

29

m3
,

atom diameter ∶ d = 0.3 nm,
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d = coefficient of nonlinearity (C∕V) , � = imped-
ance of the medium, n = refractive index, A = exci-
tation wave amplitude, L = length of the medium, 
� = excitation frequency(angular).

Since the coefficient of nonlinearity is a parameter that 
is given in the semiempirical formula (Eq. 20) but not in 
the analytical model, it must be precisely estimated. The 
equivalent coefficient of nonlinearity ‘d’ for the semiempiri-
cal formula can be accurately estimated by equating Eq. (20) 
to Eq. (21) at an arbitrary excitation amplitude (sample exci-
tation amplitude). If the implementation of the numerical 
model is fully correct, then the results should also match 
for all amplitudes within the investigated set of excitation 
amplitudes. Here we have a set of 150 different excitation 
amplitudes. The equivalent coefficient of nonlinearity is 
estimated as d = 2.33 × 10

−23 C∕V for a sample excitation 
amplitude of A = 2 × 10

9 V∕m . The corresponding numeri-
cal results based on Eqs. (7–10, 21) and the experimental 
results based on the semiempirical formula in Eq. (20) are 
compared in Fig. 10 and Table 3. From Fig. 10, we can see 
that the results tend to agree for higher excitation ampli-
tudes, especially for excitation amplitudes that are greater 
than 2 × 10

8 V∕m , in which case the error percentage is less 
than 1%. The reason for the better agreement of the results 
for higher excitation amplitudes is that the semiempirical 

(20)ηexp = (tanh

√
d2�3�2cn�0A

2L2)
2

,

(21)ηnum =
Intensity of the second harmonic at t = tmax

Intensity of the f irst harmonic at t = 0
,

second harmonic generation efficiency (SHGE) formula 
itself is more accurate for higher excitation amplitudes. For 
lower excitation amplitudes, the second harmonic genera-
tion efficiency is so small that it can yield to very different 
results for the numerical and the semiempirical formulation. 
From Table 3, we can see that as the excitation amplitude is 
increased, the difference between the numerical results and 
the semiempirical results decreases and the error percentage 
remains below 0.3%. 

Conclusion

A semiconductor nano-antenna is proposed as a nanoscale 
adaptive ultra-broadband supercontinuum-emitter. The 
presented structure can be used to dynamically generate 
a supercontinuum given that the carrier injection rate and 
hence the free electron density is properly modulated such 
that the pulse period of the high-power pump wave is at the 
same timescale with the electron recombination time of the 
semiconductor. When the free electron density is modulated 
at this rate, the excitation field induced electric energy can be 
efficiently accumulated in the semiconductor nano-antenna 
given that the density of free electrons undergoing modula-
tion is sufficiently high. This is because the effective permit-
tivity of the semiconductor nano-antenna is increased with 
an increase of the number of free electrons, which raises the 
captured electric energy density by the nano-antenna and 
yields to a better confinement of the excitation field intensity. 
After the accumulated field intensity and the electric energy 
density exceeds a certain threshold, a supercontinuum can be 

Fig. 10  Ratio of the semiempirical SHGE results to the numerical SHGE results versus excitation amplitude
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generated in the nano-antenna. The subsequent drop in the 
number of free electrons decreases the effective permittivity 
and leads to the release of the accumulated field intensity 
as a supercontinuum pattern. The results of this study indi-
cate that semiconductor nano-antennas can be employed in 
small-scale integrated photonic devices for adaptive ultra-
broadband supercontinuum generation.

Acknowledgements I would like to thank Mr. Imre Ozbay and Mr. 
Alim Yolalmaz for their valuable comments and suggestions.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This research received no external funding.

Data availability The data are available within the article.

Code availability Available from the author upon reasonable request.

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adamu AI, Habib MS, Petersen CR et al (2019) Deep-UV to mid-IR 
supercontinuum generation driven by mid-IR ultrashort pulses in 
a gas-filled hollow-core fiber. Sci Rep 9:4446. https:// doi. org/ 10. 
1038/ s41598- 019- 39302-2

Aşırım ÖE, Kuzuoğlu M (2020a) Super-gain optical parametric ampli-
fication in dielectric micro-resonators via BFGS algorithm-based 
non-linear programming. Appl Sci 10:1770. https:// doi. org/ 10. 
3390/ app10 051770

Aşırım ÖE, Kuzuoğlu M (2020b) Enhancement of optical paramet-
ric amplification in microresonators via gain medium parameter 
selection and mean cavity wall reflectivity adjustment. J Phys B 
at Mol Opt Phys 53:185401

Aşırım ÖE, Yolalmaz A (2020) Design of ultra-high gain optical micro-
amplifiers via smart non-linear wave mixing. Prog Electromagn 
Res B 89:177–194. https:// doi. org/ 10. 2528/ PIERB 20102 206

Aşırım ÖE, Yolalmaz A, Kuzuoğlu M (2020) High-fidelity harmonic 
generation in optical micro-resonators using BFGS algorithm. 
Micromachines 11:686. https:// doi. org/ 10. 3390/ mi110 70686

Balanis CA (2015) Antenna theory analysis and design, 3rd edn. Wiley, 
Hoboken, pp 133–144

Bharadwaj P, Beams R, Novotny L (2011) Nanoscale spectroscopy 
with optical antennas. Chem Sci 2:136–140. https:// doi. org/ 10. 
1039/ C0SC0 0440E

Boyd RW (2008) Nonlinear optics. Academic Press, New York, pp 
105–107

Chen J, Krasavin A, Ginzburg P, Zayats AV, Pullerits T, Karki KJ 
(2018) Evidence of high-order nonlinearities in supercontinuum 
white-light generation from a gold nanofilm. ACS Photonics 
5(5):1927–1932. https:// doi. org/ 10. 1021/ acsph otoni cs. 7b011 25

Dasgupta A, Buret M, Cazier N, Mennemanteuil M-M, Chacon R, 
Hammani K, Weeber J-C, Arocas J, Markey L, des Francs GC, 
Uskov A, Smetanin I, Bouhelier A (2018) Electromigrated electri-
cal optical antennas for transducing electrons and photons at the 
nanoscale. Beilstein J Nanotechnol 9:1964–1976. https:// doi. org/ 
10. 3762/ bjnano. 9. 187

Dubietis A, Couairon A, Genty G (2019) Supercontinuum generation: 
introduction. J Opt Soc Am B 36:SG1–SG3

Gorbach AV (2015) Graphene plasmonic waveguides for mid-infra-
red supercontinuum generation on a chip. Photonics 2:825–837. 
https:// doi. org/ 10. 3390/ photo nics2 030825

Hanke T, Krauss G, Träutlein D et al (2009) Efficient nonlinear light 
emission of single gold optical antennas driven by few-cycle near-
infrared pulses. Phys Rev Lett 103(25):257404. https:// doi. org/ 10. 
1103/ physr evlett. 103. 257404

Hayat Q, Geng J, Liang X, Jin R, Ur Rehman S, He C, Wu H, Nawaz 
H (2021) Core-shell nano-antenna configurations for array forma-
tion with more stability having conventional and non-conventional 
directivity and propagation behavior. Nanomaterials 11:99. https:// 
doi. org/ 10. 3390/ nano1 10100 99

Hilligsøe KM, Andersen TV, Paulsen HN, Nielsen CK, Mølmer K, 
Keiding S, Kristiansen R, Hansen KP, Larsen JJ (2004) Super-
continuum generation in a photonic crystal fiber with two zero 
dispersion wavelengths. Opt Express 12:1045–1054

Table 3  Ratio of semiempirical results to the numerical results versus 
excitation amplitude

Error (1 − (SER/
NR)) ×100% (%)

Semiempirical 
result (SER)

Numerical result 
(NR)

Excitation 
amplitude 
(V/m)

3.52 3.7543 × 10
−7

3.8914 × 10
−7

1 × 10
8

1.13 1.5017 × 10
−6

1.5190 × 10
−6

2 × 10
8

0.73 3.3789 × 10
−6

3.4037 × 10
−6

3 × 10
8

0.59 6.0069 × 10
−6

6.0424 × 10
−6

4 × 10
8

0.51 9.3858 × 10
−6

9.4335 × 10
−6

5 × 10
8

0.43 1.3515 × 10
−5

1.3574 × 10
−5

6 × 10
8

0.36 1.8396 × 10
−5

1.8462 × 10
−5

7 × 10
8

0.28 2.4027 × 10
−5

2.4094 × 10
−5

8 × 10
8

0.21 3.0409 × 10
−5

3.0472 × 10
−5

9 × 10
8

0.17 3.7542 × 10
−5

3.7605 × 10
−5

1.0 × 10
9

0.16 4.5426 × 10
−5

4.5498 × 10
−5

1.1 × 10
9

0.16 5.4060 × 10
−5

5.4146 × 10
−5

1.2 × 10
9

0.13 6.3446 × 10
−5

6.3531 × 10
−5

1.3 × 10
9

0.11 7.3581 × 10
−5

7.3660 × 10
−5

1.4 × 10
9

0.14 8.4468 × 10
−5

8.4589 × 10
−5

1.5 × 10
9

0.13 3.3781 × 10
−4

3.3824 × 10
−4

3 × 10
9

0.11 9.3804 × 10
−4 9.3919 × 10

−4
5 × 10

9

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-019-39302-2
https://doi.org/10.1038/s41598-019-39302-2
https://doi.org/10.3390/app10051770
https://doi.org/10.3390/app10051770
https://doi.org/10.2528/PIERB20102206
https://doi.org/10.3390/mi11070686
https://doi.org/10.1039/C0SC00440E
https://doi.org/10.1039/C0SC00440E
https://doi.org/10.1021/acsphotonics.7b01125
https://doi.org/10.3762/bjnano.9.187
https://doi.org/10.3762/bjnano.9.187
https://doi.org/10.3390/photonics2030825
https://doi.org/10.1103/physrevlett.103.257404
https://doi.org/10.1103/physrevlett.103.257404
https://doi.org/10.3390/nano11010099
https://doi.org/10.3390/nano11010099


16 Applied Nanoscience (2022) 12:1–16

1 3

Horiuchi N (2020) Integrated optical antenna. Nat Photonics 14:134. 
https:// doi. org/ 10. 1038/ s41566- 020- 0594-0

Husakou AV, Herrmann J (2002) Supercontinuum generation, four-
wave mixing, and fission of higher-order solitons in photonic-
crystal fibers. J Opt Soc Am B 19:2171–2182

Kim H (2021) Numerical study on enhanced line focusing via buried 
metallic nanowire assisted binary plate. Nanomaterials 11:281. 
https:// doi. org/ 10. 3390/ nano1 10202 81

Krasavin A, Ginzburg P, Wurtz G et al (2016) Nonlocality-driven 
supercontinuum white light generation in plasmonic nanostruc-
tures. Nat Commun 7:11497. https:// doi. org/ 10. 1038/ ncomm 
s11497

Kullock R, Grimm P, Ochs M, Hecht B (2018) Directed emission by 
electrically driven optical antennas. In: Proc. SPIE 10540, quan-
tum sensing and nano electronics and photonics XV, p 1054012. 
https:// doi. org/ 10. 1117/ 12. 22896 47

Li D et al (2019) High spectral energy density supercontinuum genera-
tion in fused silica by interfering two femtosecond laser beams. 
J Opt 21:065501

Liu S, Liu W, Niu H (2015) Supercontinuum generation with photonic 
crystal fibers and its application in nano-imaging. Photonic Cryst. 
https:// doi. org/ 10. 5772/ 59987

Merlein J, Kahl M, Zuschlag A et al (2008) Nanomechanical control 
of an optical antenna. Nat Photonics 2:230–233. https:// doi. org/ 
10. 1038/ nphot on. 2008. 27

Montesinos-Ballester M, Lafforgue C, Frigerio J, Ballabio A, Vaka-
rin V, Liu Q, Ramirez JM, Roux XL, Bouville D, Barzaghi A, 
Alonso-Ramos C, Vivien L, Isella G, Marris-Morini D (2020) 
On-chip mid-infrared supercontinuum generation from 3 to 13 
μm wavelength. ACS Photonics 7(12):3423–3429

Monticone F, Argyropoulos C, Alu A (2017) Optical antennas: con-
trolling electromagnetic scattering, radiation, and emission at the 
nanoscale. IEEE Antennas Propag Mag 59(6):43–61. https:// doi. 
org/ 10. 1109/ MAP. 2017. 27527 21

Mühlschlegel P, Eisler HJ, Martin OJ, Hecht B, Pohl DW (2005) Reso-
nant optical antennas. Science 308(5728):1607–1609. https:// doi. 
org/ 10. 1126/ scien ce. 11118 86 (PMID: 15947182)

Nocedal J, Wright SJ (2006) Numerical optimization. Springer, New 
York, pp 36–37

Novotny L, van Hulst N (2011) Antennas for light. Nat Photonics 
5:83–90. https:// doi. org/ 10. 1038/ nphot on. 2010. 237

Park Q-H (2009) Optical antennas and plasmonics. Contemp Phys 
50(2):407–423. https:// doi. org/ 10. 1080/ 00107 51090 27456 11

Park Y, Kim J, Roh YG, Park QH (2018) Optical slot antennas and their 
applications to photonic devices. Nanophotonics 7(10):1617–
1636. https:// doi. org/ 10. 1515/ nanoph- 2018- 0045

Rahman AU, Geng J, Rehman SU, Iqbal MJ, Jin R (1996) Interface-
induced near-infrared response of gold-silica hybrid nanoparticles 
antennas. Nanomaterials 2020:10. https:// doi. org/ 10. 3390/ nano1 
01019 96

Sain B, Meier C, Zentgraf T (2019) Nonlinear optics in all-dielec-
tric nanoantennas and metasurfaces: a review. Adv Photonics 
1(2):024002

Saleh BEA, Teich MC (2007) Fundamentals of photonics. Wiley-
Interscience, New York, pp 885–917

Taflove A, Hagness S (2005) Computational electrodynamics: the 
finite-difference time-domain method, 3rd edn. Artech House, 
Norwood

Ünlü ES, Tok RU, Şendur K (2011) Broadband plasmonic nanoantenna 
with an adjustable spectral response. Opt Express 19:1000–1006

Wang M, Zhang X (2017) Ultrafast injection-locked amplifica-
tion in a thin-film distributed feedback microcavity. Nanoscale 
9:2689–2694

Wang J, Maitra A, Poulton CG, Freude W, Leuthold J (2007) Temporal 
dynamics of the alpha factor in semiconductor optical amplifiers. 
J Lightwave Technol 25:891–900

White D, Dawes E, Marburger J (1970) Theory of second-harmonic 
generation with high-conversion efficiency. IEEE J Quantum Elec-
tron 6(12):793–796. https:// doi. org/ 10. 1109/ JQE. 1970. 10763 67

Wu R, Torres-Company V, Leaird DE, Weiner AM (2013) Supercon-
tinuum-based 10-GHz flat-topped optical frequency comb genera-
tion. Opt Express 21:6045–6052

Yang Y, Zhu D, Yan W et al (2019) A general theoretical and experi-
mental framework for nanoscale electromagnetism. Nature 
576:248–252. https:// doi. org/ 10. 1038/ s41586- 019- 1803-1

Zhang T, Xu J, Deng Z-L, Hu D, Qin F, Li X (2019) Unidirectional 
enhanced dipolar emission with an individual dielectric nanoan-
tenna. Nanomaterials 9:629. https:// doi. org/ 10. 3390/ nano9 040629

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41566-020-0594-0
https://doi.org/10.3390/nano11020281
https://doi.org/10.1038/ncomms11497
https://doi.org/10.1038/ncomms11497
https://doi.org/10.1117/12.2289647
https://doi.org/10.5772/59987
https://doi.org/10.1038/nphoton.2008.27
https://doi.org/10.1038/nphoton.2008.27
https://doi.org/10.1109/MAP.2017.2752721
https://doi.org/10.1109/MAP.2017.2752721
https://doi.org/10.1126/science.1111886
https://doi.org/10.1126/science.1111886
https://doi.org/10.1038/nphoton.2010.237
https://doi.org/10.1080/00107510902745611
https://doi.org/10.1515/nanoph-2018-0045
https://doi.org/10.3390/nano10101996
https://doi.org/10.3390/nano10101996
https://doi.org/10.1109/JQE.1970.1076367
https://doi.org/10.1038/s41586-019-1803-1
https://doi.org/10.3390/nano9040629

	Far-IR to deep-UV adaptive supercontinuum generation using semiconductor nano-antennas via carrier injection rate modulation
	Abstract
	Introduction
	Practical implementation
	Methods
	Adaptive supercontinuum generation via non-linear programming

	Numerical simulation
	Electric energy accumulation in the nano-antenna via carrier injection rate modulation
	Comparison with semiempirical results
	Comparison of numerical and semiempirical second harmonic generation efficiencies

	Conclusion
	Acknowledgements 
	References




