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ABSTRACT In the context of advancing photonics technologies, there is an increasing demand for
broadband and ultrafast optical modulators to support next-generation telecommunication networks and
ultrafast quantum information processing. Existing modulators are limited by their inability to efficiently
handle multiple channels, leading to challenges in high-speed optical communication systems. We introduce
a novel two-channel quantum dot all-optical modulator (QD-AOM) designed to simultaneously modulate
telecommunication wavelengths of 1.32 µm and 1.55 µm by utilizing the interaction between two pump
signals (683 nm and 866 nm) and two probe signals (1.32 µm and 1.55 µm). This innovative device
leverages InAs/AlAs core/shell colloidal quantum dots, offering a scalable, cost-effective, and efficient
solution for next-generation optical communication networks and ultrafast quantum information processing.
Theoretical modeling was performed by solving the 3D Schrödinger equation, coupled rate and propagation
equations to simulate the device’s performance. The model accounts for carrier transfer processes and
the interaction between channels through Fluorescence Resonance Energy Transfer (FRET). Simulations
demonstrated that the QD-AOM achieved modulation depths of 65% and 62% for channels corresponding
to 1.55 µm and 1.32 µm, respectively, with bandwidths of 26.3 GHz and 19.7 GHz. The device maintained
high stability and efficiency at room temperature, with minimal variation in modulation depth across
different temperatures, indicating its robustness for practical applications. Its broadband response, high
modulation depth, and robust performance make it an ideal candidate for integration into future high-speed
communication systems, signal processing, and other photonics-based applications.

INDEX TERMS All-optical modulator, colloidal quantum dots, high modulation depth.

I. INTRODUCTION
Optical modulation is essential in photonics technologies,
with growing demand for broadband and ultrafast modulation
in the age of artificial intelligence [1]. All-optical modulation
stands out for its ability to operate at ultrafast speeds and offer
a broadband response, making it highly promising for future
optical communication networks, ultrafast quantum informa-
tion processing, and photonic computing systems [2], [3].

High-speed signal processing and optical communication
technologies crucially rely on devices known as AOMs,
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where light modulation is achieved through interactions with
other light sources [4], [5], [6]. The promise of all-optical
signal processing as a transformative technology for future
high-bit rate modulation and transparent optical networks is
underscored by its inherent ability to reduce implementa-
tion costs significantly and eliminate bottlenecks in ultrafast
signal processing. Notably, this progress is accomplished
without the need for costly optical-electrical-optical equip-
ment [7], [8], [9]. Additionally, it offers low loss, compact
size, a small footprint, and low driving power [2], [10].

At present, most commercial modulators are made from
silicon (Si) [11], [12], bulk lithium niobate (LN) [13], and
indium phosphide (InP) [14]. While modulators on these
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three platforms demonstrate impressive performance, none of
them meet the necessary standards for the next generation
of communication systems. Numerous innovative applica-
tions have been developed for actively controlling light using
semiconductor QDs. In this area, colloidal QDs (CQDs),
synthesized by the solution processmethod, paves theway for
low-cost, easy-fabrication, and room-temperature processing
of optical devices [15], [16].
Recently, significant progress has been made in acousto-

optic modulators operating at telecommunication wave-
lengths [17]. Exploiting the unique optical properties of 2D
materials, a graphene-clad microfiber acousto-optic modu-
lator has been experimentally realized, achieving a mod-
ulation depth (MD) of 38% and a modulation frequency
of 200 MHz, where the signal light at 1550 nm is con-
trolled by light at 1064 nm [18]. 2D hybrid organic-inorganic
perovskites (HOIPs) have generated significant interest in
various optoelectronic fields. In this study, highly stable
2D (C6H5C2H4NH3)2PbI4 nanocrystals were successfully
prepared using the liquid-phase exfoliation method. The
ultrafast nonlinear saturable absorption characteristics of
these nanocrystals were examined across the near-infrared
(NIR) to mid-infrared (MIR) spectral ranges. Leveraging the
unique nonlinear optical properties of the 2DHOIPs, a highly
stable mode-locked Er3+-doped fiber laser (EDFL) with a
pulse duration of approximately 531 fs and a signal-to-noise
ratio (SNR) of about 90 dB was achieved around 1.5 µm.
Additionally, a robust Q-switched Er3+-doped fluoride fiber
laser (EDFFL) with a pulse duration of approximately 553 ns
and an SNR of about 40 dBwas experimentally demonstrated
around 2.8 µm [19]. Furthermore, an AOM utilizing a spatial
cross-phase modulation method based on MXene has been
designed. Here, a strong control light (∼40 Wcm−2) at
671 nm modulates a weaker signal light at 532 nm [20].

A thermo-optic effect-based experimental design of a nio-
bium carbide (Nb2C) two-channel AOM supported by a
Nb2C-PVA film was recently completed. The optical data
from control light at wavelengths of 793 nm and 980 nm was
effectively modulated to signal light at telecommunication
wavelengths of 1.5 µm and 2.0 µm by this Nb2C AOM.
Low speed and low MD were indicated by the system’s
achievement of an MD of 23.3% and a maximummodulation
frequency of 5 kHz [21].

An all-optical modulation scheme based on free-carrier
absorption has been demonstrated in a Ge-on-Si rib waveg-
uide operating in the mid-infrared wavelength range of
2–3.2 µm. Using a pump-probe geometry, a 1.54 µm pulsed
source has been used to modulate CW signals in this spectral
range, achieving modulation depth of up to 60% with pulse
energies in the picojoule range. The system demonstrated a
free-carrier lifetime of approximately 18 ns, enabling modu-
lation rates in the 60 MHz range, demonstrating the potential
of Ge-on-Si platforms for high-speed and mid-infrared pho-
tonic applications [22].

Thin-film lithium niobate (TFLN) modulators have
recently become a viable option for attaining ultra-high

bandwidth with low driving voltages and a small foot-
print [23], [24], [25]. According to recent research, using
TFLN produces a modulator with an extrapolated 3 dB band-
width of 170 GHz and an observed roll-off of only 2 dB from
low frequencies up to 100 GHz. The measured voltage-length
product of this subterahertz device is 3.3 V cm. A different
device exhibits a 3 dB electro-optic bandwidth of 84 GHz;
however, it is tuned for a lower voltage-length product of
2.2 V cm. During testing, both devices were able to achieve
data speeds of up to 240 Gb/s at 80 Gbaud using eight-
level pulse-amplitude modulation (PAM-8). These findings
suggest that modulators are a beautiful option for optical
communication systems of the future [26].

In this paper, a new conception of a two-channel
QD-AOM is introduced. The innovative device is conceived
to be synthesized through the solution-processed InAs/AlAs
QD core/shell structure, which provides higher absorp-
tion, high efficiency, low-cost fabricating, room-temperature
processing, ease of large-area fabrication, and high tun-
ability [27], [28]. Distinguishing itself from conventional
approaches, our novel two-channel QD-AOMboasts a unique
capability: adjustability to modulate selective wavelengths
through the careful tuning of QDs’ sizes. The introduced
two-channel QD-AOM is tuned to absorb at two wavelengths
of 683 nm and 866 nm, and two independent probe signals
at wavelengths of 1.32 µm and 1.55 µm are applied to
enable stimulated emission and generate a modulated signal
at the output of the structure. Notably, this is the first case
where two distinct wavelengths in the telecommunication
windows are simultaneously modulated by the stimulated
recombination phenomenon using two pump signals of dif-
ferent wavelengths. This study employs a slab waveguide
incorporating quantum dots (QDs) of two distinct sizes to
create modulation channels. The modulation occurs through
the interaction of incident optical signals from the pump and
probe. To simulate and numerically model the proposed two-
channel QD-AOM, we have formulated rate and propagation
coupling equations. These equations account for carrier trans-
fer processes, light propagation within the waveguide, and
their respective effects. Additionally, the interplay between
the two channels, which constitutes a crucial phenomenon in
this proposed modulator, is explicitly captured in the equa-
tions. This high-speed two-channel QD-AOM with a high
MD can be utilized in several applications, including thermal
imaging, signal processing, high-speed computing systems,
night vision cameras, wavelength de-multiplexing (WDM),
optical communication networks based on dense wavelength
division multiplexing (DWDM) technology, and free-space
communication [29].

The proposed contributions can be summarized as
follows.

• First, A novel two-channel quantum dot all-optical
modulator (QD-AOM) utilizing colloidal InAs/AlAs
structures fabricated through solution process methods
has been presented.
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• Second, a unique approach has been introduced by
applying pump signals with different wavelengths
(683 nm and 866 nm) to two channels to modulate
two distinct wavelengths within the telecommunication
windows (1.32 µm and 1.55 µm).

• Third, a theoretical model is developed involving the
solution of the 3D Schrödinger equation, coupled
rate equations, and propagation equations to evalu-
ate the performance of the proposed QD-AOM. This
model captures the stimulated recombination phe-
nomenon, which is crucial for the modulation process,
enabling efficient light modulation at the specified
wavelengths.

• Fourth, a comprehensive simulation is conducted to
assess the overall performance of the device under
various conditions, including different bit rates for each
channel, and investigate the impact of carrier trans-
fer between channels through Fluorescence Resonance
Energy Transfer (FRET)?.

• Fifth, based on simulation results, in the pump power
of 100 mW and probe power of −20 dBm, for
the absorption of 866 nm (channel-1) and 683 nm
(channel-2) and stimulated emission of 1.55 µm
(channel-1) and 1.32 µm (channel-2), modulation
depths of 65% and 62% and bandwidths of 26.3 GHz
and 19.7 GHz are achieved for channels-1 and 2,
respectively.

• Lastly, the fabrication feasibility and temperature vari-
ations on MD are explored. Our results indicate that
the device, fabricated through a solution-processed
method, exhibits significant stability at room temper-
ature, with negligible changes in MD across different
temperatures, demonstrating its robustness for practical
applications.

II. THE PROPOSED TWO-CHANNEL QD-AOM
Our study presents a new and innovative approach utilizing
two distinct sizes of core/shell (QDs) that can be synthe-
sized through a solution process. This approach allows us to
engineer a high-contrast, two-channel QD-AOM. The core
is composed of InAs, while the shell is composed of AlAs,
forming the absorber layer integral to the proposed structure.

Illustrated in Figure 1(a), two laser beams, each with dif-
ferent wavelengths, serve as both pump and probe signals,
traversing separate channels. It would be helpful to note that
the QDs can be distinguished based on their radii, with R1 and
R2 representing channel-1 and channel-2, respectively. In the
realm of experimental fabrication for diverse applications,
including QD-SOAs, QD-lasers, and more [30], [31], [32],
[33], [34], slab waveguides play a pivotal role. Traditionally,
carrier injection via electrical pumping involves incorporat-
ing electron and hole transfer layers alongside the active layer
and substrate. However, our approach diverges by utilizing
colloidal QDs exclusively within the active layer. Notably,

we exclude transmission layers in favor of utilizing an optical
pump for carrier population inversion.

Interband transitions between quantized energy levels
within the valence band and the conduction band play a
crucial role in modulation processes. In our proposed struc-
ture, a Gaussian pulse serves as the information pump signal,
operating at wavelengths of 866 nm (683 nm), corresponding
to channel-1 (channel-2). Simultaneously, a continuous wave
(CW) is applied as the probe signal, operating at a wavelength
of 1.55 µm (1.32 µm). The structural parameters are tailored
for QD radii, with R1 (R2) set to 3.75 nm (3 nm). It is
important to note that utilizing QDs of sizes other than the
specified values in the proposed structure will require lasers
of varying wavelengths, following the principles of quantum
mechanics and the permissible energy levels for electron
presence. Upon applying the pump signal, electrons undergo
absorption from the excited state of the valence band (ESv) to
the excited state of the conduction band (ESc). Subsequently,
these excited electrons rapidly transition to the ground state of
the conduction band (GSc) due to a relatively short relaxation
time. Simultaneously, the CW probe signal induces stimu-
lated emission, which causes electrons to transition from GSc

to the ground state of the valence band (GSv) and generate
coherent photons. This phenomenon results from population
inversionwithin the conduction band. The carriers involved in
the stimulated emission process have a significant influence
on the performance of the modulator. To investigate this
effect and the changes in these carriers, we have introduced a
parameter called Probe Gain (PG). By using this parameter,
we have characterized the behavior of these carriers. In the
absence of the pump signal, no signal is received at the out-
put. The PG spectrum, illustrating the relationship between
incident light energy and the PG produced by stimulated
emission, is visually represented in Figure 1(b). This depic-
tion provides insights into the performance characteristics of
our proposed system, showcasing its efficacy in achieving
signal modulation.

In the quest for optimal performance in the two-channel
QD-AOM, a departure from continuous pump signals is
undertaken by applying a pulse train. This pulse train, which
periodically switches off the pump at a predetermined rep-
etition rate, introduces a dynamic modulation aspect to
the process. To generate an inverted Gaussian pulse train,
an inverter or NOT gate can be employed [35], [36]. Fol-
lowing this, a CW is introduced as the probe signal. In the
presence of the pulse train pump signal—effectively inducing
carrier population inversion—the output at the two-channel
QD-AOM reveals a modulated probe signal. The strategic
turning off of the pump signal disrupts the population inver-
sion between GSc and GSv, resulting in a reduction of the
output probe signal. By employing On-Off keying with the
pump signal wavelength set at 866 nm, the probe signal
at 1.55 µm faithfully mirrors the pump alterations, culmi-
nating in a modulated signal. In the pursuit of compact
and high-performance devices in optoelectronics, we extend
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FIGURE 1. The schematic view of the designed QD-AOM. (a) The schematic of the proposed structure contains an array of two different sizes of
InAs/AlAs core/shell QDs. (b) The PG spectrum versus the energy of the incident light. The diagram of bandgap energy as a function of radiuses
of QDs is depicted and inserted in this figure. (c) The simulated energy band structure of the proposed device by the absorption and stimulated
recombination mechanism. The 3D display of wave functions simulated by FEM software has been illustrated for (d) channel-1 and (e) channel-2.

the utility of the structure to modulate a probe signal at
1.32µm in the pump signal wavelength of 683 nm. To achieve
this, we incorporate another size of QDs, optimizing the
structure’s functionality and broadening its application for
modulation at two distinct wavelengths. This strategic uti-
lization of different QD sizes enhances the versatility and
adaptability of the proposed system.

III. THEORETICAL MODELING OF THE PROPOSED
TWO-CHANNEL QD-AOM IN THE RATE EQUATION
FRAMEWORKOUR STUDY PRESENTS A NEW AND
INNOVATIVE APPROACH UTILIZING TWO
DISTINCT SIZES OF CORE/SHELL
In this section, we delve into the theoretical underpinnings
of the proposed two-channel QD-AOM. The modal analysis
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TABLE 1. Material properties used in calculating the 3D schrodinger
equation [38], [39], [40], [41].

begins with the solution of the 3D Schrödinger equation,
which leads to the determination of eigen-energies, wave-
functions, and the energy band diagram. This comprehensive
approach lays the foundation for a detailed understanding
of the structure’s quantum mechanical aspects. Follow-
ing the modal analysis, we evaluate the performance of
the two-channel QD-AOM. The coupled rate and propaga-
tion equations are systematically solved to characterize the
essential metrics governing the modulator’s behavior. More-
over, our theoretical framework incorporates the nuanced
effects of homogeneous broadening (HB) and inhomoge-
neous broadening (IHB), as well as the impact of FRET,
which collectively influence the coupled rate equations. This
inclusive modeling approach allows for a holistic exploration
of the device’s dynamics, offering insights into its operational
characteristics and potential improvements.

A. THE MODAL ANALYSIS OF THE TWO-CHANNEL
QD-AOM
Utilizing the effective mass approximation method and solv-
ing the 3D Schrödinger equation with the values specified
in Table 1, the energy band diagram of the structure has
been obtained, consistent with our prior work [37]. Fur-
thermore, the absorption and stimulated emission processes
have been demonstrated in Figure 1 (c). Also, the com-
puted wavefunctions corresponding to the GSc for channel-1
and channel-2 have been obtained using the Finite Element
Method (FEM) software and illustrated in Figure 1 (d, e),
respectively. To simulate the device realistically, a periodic
boundary condition is applied, extending the simulated device
to match practical system conditions.

Due to the constraints imposed by synthesis conditions in
the solution process method, achieving the precisely designed
size of QDs cannot be realized [29], [42], [43], [44]. There-
fore, the non-uniformity in QD size has an influential impact
on the absorption spectra; this process is known as inhomoge-
neous broadening (IHB). To address this inherent variability,
a sophisticated modeling approach is adopted, wherein the
distribution of energy states is methodically characterized
by a Gaussian profile. It would be helpful to mention that
the Gaussian profile can act as an indicator of any potential
deviations in the size of the synthesized QDs from their
expected radius. This modeling framework necessitates the

partitioning of the QDs ensemble into 2M + 1 groups, each
comprised of uniform QDs. This categorization is achieved
with an energy spacing of 1E = 1 meV [45], [46], [47],
[48], [49]. This meticulous strategy ensures a comprehen-
sive representation of the diverse QD sizes, enhancing the
accuracy and reliability of our theoretical framework. The
Gaussian distribution (Gi) can be accurately represented by
the following equation:

Epn,i = Ep0,i − (M + 1 − n)

× 1E n=1, . . . , 2M+1 i=1, 2 p=pump, probe

(1)

Gi(E
p
n,i) =

1
√
2πξ0

exp

−

(
Epn,i − Ep0,i

)2
2ξ20

 (2)

The modeling framework Ep0,i signifies the transfer energy
of the most probable size within the QDs ensemble (M+1-th
QD group). The index i is fixed at 1 for channel-1 and 2 for
channel-2, the index p is related to the pump’s and probe’s
incident lights, suggesting that these equations need to be
written independently for each, and the n corresponds to the
index denoting the number of active modes. Additionally, ξ0
denotes the QD coverage and is defined as ξ0 = (1/2.35)0IHB,
where 0IHB = 20meV is the full width of half maximum
(FWHM) of the Gaussian profile [29], [45]. Observations
derived from Figure 1(b), based on simulation results, reveal
alterations in QD sizes from the two central radii (3 nm and
3.75 nm) by 1R, corresponding to an energy difference of
0IHB. Consequently, due to the inhomogeneous broadening of
the QD radius, it is predicted that the overlap of the PG spec-
trum will not be detectable according to the considered value
for 0IHB if the experimental device is built for the proposed
structure. Furthermore, intrinsic factors, such as pressure or
temperature, induce interactions between carrier-carrier and
phonon-carrier, homogeneously affecting all groups. This
results in themanifestation of homogeneous broadening (HB)
on the energy levels, modeled by a Lorentzian profile with
0HB = 20 meV as its FWHM at room temperature [37], [50].

Bm,n(E
p
n,i − Epm,i) =

1
π

0HB/2(
Epn,i − Epm,i

)2
+ (0HB/2)2

n = 1, . . . , 2M + 1,

m = number of photon modes (3)

The HB for the mth photon mode (and nth QD group active
mode) is represented by the symbols Bm,n. Considering the
acquired broadenings, the linear interband absorption coef-
ficient from ESv to ESc, resulting from the applied pump
power, is obtained by [51]:

α
Pump
m,n,i =

2
VQD,i

e2

cε0n
pump
i ℏ

Epumpn,i | < 9v
e,i |̂e.̂r|9

c
e,i > |

2

× Gi(E
pump
n,i )Bm,n(E

pump
n,i − Epumpm,i ) (4)
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In these equations, c represents the free space light speed, ε0
is the free space permittivity, npumpi is the refractive index
related to pump wavelengths, h̄ is the reduced Planck’s
constant, e is the electron charge, and VQD,i is the vol-
ume of the QD of the corresponding channel. The term
|< 9v

e,i |̂e.̂r|9
c
e,i >| signifies the interband transition dipole

moment. Ultimately, total interband absorption is achieved
through:

αTm,i(t) =

L∫
0

[
2M+1∑
n=1

α
pump
m,n,i (f

v
en,i (z, t) − f cen,i (z, t))]dz (5)

where L is the waveguide length. Similarly, the PG resulting
from stimulated emission transitioning from GSc to GSv by
applying probe power is determined by:

gprobem,n,i =
2

VQD,i

e2

cnprobei ℏε0
Eproben,i |< 9c

g,i |̂e.̂r|9
v
g,i >|

2

× Gi(E
probe
n,i )Bm,n(E

probe
n,i − Eprobem,i ) (6)

In this context, nprobei represents the refractive index related
to probe wavelengths, and the term |< 9c

g,i |̂e.̂r|9
v
g,i >|

signifies the interband transition dipole moment. In final, the
total PG is obtained through the following:

gTm,i(t) =

L∫
0

[
2M+1∑
n=1

gprobem,n,i (f
c
gn,i (z, t) − f vgn,i (z, t))]dz (7)

On the other hand, FRET is a non-radiative energy transfer
process in which a donor (a QD with a smaller radius) trans-
fers the energy to an acceptor (a QD with a larger radius)
through dipole-dipole interactions [52]. The transfer rate
depends on the distance between two QDs and the spectral
overlap. In the proposed two-channel QD-AOM, utilizing two
distinct groups of QDs, this transfer process is considered a
transmission rate (W l

12,n) attained through:

W l
12,n,i =

2
Veff

e2

ℏ(npi )2ε0
E l12,n|< 9c

l,1 |̂e.̂r|9
c
l,2 >|

2

× Bm,n(E l12,m − E l12,n)G(E
l
12,n) l = GSc,ESc

(8)

Here Veff represents the effective volume of QDs with dif-
ferent sizes, and E l12 = E l1 − E l2, which E

l
1 is the energy

associated with the specific level in channel-1 and E l2 is
the energy related to the same level in channel-2. The time
constants related to transfer between two different sizes of
QDs are calculated by τ lup(down)_trans = 1/W l

12,n and involved
in coupled rate equations.

B. THE RATE AND PROPAGATION EQUATIONS
The operational efficiency of the devised two-channel QD-
AOM is predominantly governed by the dynamics of carriers
and photons. While the semiconductor Bloch equation offers
amore precisemethod for analyzing andmodeling these char-
acteristics, its computational complexity and time-consuming

nature prompted the utilization of rate and propagation
equations, which have yielded satisfactory results. The prop-
agation of square-pulse train pump and CW probe signals
is carried out along the z-direction. The advanced coupled
rate and propagation equations for the proposed structure,
employing the parameters outlined in Table 2, are expressed
as (9)–(16), as shown at the top of next page.Where ncgn,i , n

c
en,i ,

nvgn,i , and n
v
en,i represent the number of electrons in GSc, ESc,

GSv, and ESv, respectively in channel-1 and channel-2. Addi-
tionally, Ppumpm,i and Pprobem,i denote the optical pump power and
the CW probe power, respectively. The corresponding carrier
occupation probabilities are denoted as f cgn.i , f

c
en.i , f

v
gn.i , and f

v
en.i

in GSc, ESc, GSv, and ESv, respectively. 0 is the waveguide’s
optical confinement factor. Besides, the number of electrons
associated with their corresponding occupation probabilities
is calculated by nc(v)gn,i (z, t) = f c(v)gn,i (z, t)N

c(v)
Gi , nc(v)en,i (z, t) =

f c(v)en,i (z, t)N
c(v)
Ei . The time constants corresponding to these

carrier transition processes are named τ vge (electron decay
time from the GSv to the ESv), τ ceg (electron decay time
from the ESc to the GSc), τgr (carrier lifetime from the GSc

to the GSv), τer (carrier lifetime from the ESc to the ESv).
The time constants according to the FRET mechanism are
illustrated as τdown−trans−g(e)(electron transition time from the
GSc (ESc) of channel-1 to the GSc (ESc) of channel-2) and
τup−trans−g(e)(electron transition time from the GSc (ESc) of
channel-2 to the GSc (ESc) of channel-1). The time constants
associated with the electron escape process in the valence and
conduction bands are determined as follows:

τ c(v)ge = τ c(v)eg
Dc(v)g

Dc(v)e
exp(1Ec(v)eg /KT ) (17)

K is the Boltzmann constant, and T is the temperature
(Kelvin scale). 1Ec(v)eg is the energy interval between ESc(v)

and GSc(v) [53], [54], [55]. Degeneracies are determined by
Dcg = 1,Dce = 3,Dvg = 1, and Dve = 3 in GSc, ESc,
GSv, and ESv, respectively. The total number of electrons
in each state, GSc, ESc, GSv, and ESv, is represented by
N c(v)
Gi = NQD,iVdD

c(v)
g , N c(v)

Ei = NQD,iVdD
c(v)
e , respectively.

Here, NQD,i is the density of QDs, and Vd is the volume of
the active region for both channels.

C. SIMULATION RESULTS AND DISCUSSION
In this section, the performance of the proposed two-channel
QD-AOM is evaluated by solving the advanced coupled rate
and propagation equations (9)–(16), considering the param-
eters referred to in Table 2. The method used to solve the
coupled equations involved dividing the length of the pro-
posed structure into 100 equal regions in the z-direction,
which the probe and the pump signals propagated in. In addi-
tion, the time domain was partitioned into smaller intervals to
analyze the structural features during each step. The solution
approach used is similar to the work done by Kim et al. [48],
which is experimental and theoretical research.

The most critical metrics for assessing the characteris-
tics of a two-channel QD-AOM are the frequency response
and MD. Furthermore, the transfer of carriers between two
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different sizes of QDs in two channels is investigated in all
simulations.

In Figure 2, the overall performance of the proposed
device is investigated with a pump power of 100 mW and

a pulse train frequency of 1 GHz in three modes. The input
probe power is set at −20 dBm to operate in the linear
region. Firstly, a Gaussian pulse train as a pump signal has
been applied to channel-1, and a constant CW pump signal

dncgn,1(z, t)

dt
= −

ncgn,1 (z, t)

τdown_trans_g
(1 − f cgn.2(z, t)) +

ncgn,2(z, t)

τup_trans_g
(1 − f cgn,1(z, t))

+
ncen,1(z, t)

τ ceg
(1 − f cgn,1(z, t)) −

ncgn,1 (z, t)

τ cge
(1 − f cen,1 (z, t)) −

ncgn,1(z, t)

τgr
(1 − f vgn,1(z, t))

−

2M+1∑
m=1

0Lgm,n,1
Pprobem,1 (z, t)

Eprobem,1

(f cgm,1
(z, t) − f vgm,1

(z, t)) (9)

dncgn,2(z, t)

dt
=

ncgn,1 (z, t)

τdown_trans_g
(1 − f cgn.2(z, t)) −

ncgn,2(z, t)

τup_trans_g
(1 − f cgn,1 (z, t))

+
ncen,2(z, t)

τ ceg
(1 − f cgn.2 (z, t)) −

ncgn,2 (z, t)

τ cge
(1 − f cen.2 (z, t)) −

ncgn.2 (z, t)

τgr
(1 − f vgn.2 (z, t))

−

2M+1∑
m=1

0Lgm,n,2
Pprobem,2 (z, t)

Eprobem,2

(f cgm,2
(z, t) − f vgm,2

(z, t)) (10)

dncen,1(z, t)

dt
= −

ncen,1 (z, t)

τdown_trans_e
(1 − f cen.2(z, t)) +

ncen,2(z, t)

τup_trans_e
(1 − f cen,1(z, t))

×
ncgn,1(z, t)

τ cge
(1 − f cen,1(z, t)) −

ncen,1 (z, t)

τ ceg
(1 − f cgn,1(z, t)) −

ncen,1 (z, t)

τer
(1 − f ven,1 (z, t))

+

2M+1∑
m=1

0Lαm,n,1
Ppumpm,1 (z, t)

Epumpm,1

(f vem,1
(z, t) − f cem,1

(z, t)) (11)

dncen,2(z, t)

dt
=

ncen,1 (z, t)

τdown_trans_g
(1 − f cen.2(z, t)) −

ncen,2(z, t)

τup_trans_g
(1 − f cen,1 (z, t))

×
ncgn,2(z, t)

τ cge
(1 − f cen,2(z, t)) −

ncen,2 (z, t)

τ ceg
(1 − f cgn,2(z, t)) −

ncen,2 (z, t)

τer
(1 − f ven,2 (z, t))

+

2M+1∑
m=1

0Lαm,n,2
Ppumpm,2 (z, t)

Epumpm,2

(f vem,2
(z, t) − f cem,2

(z, t)) (12)

dnvgn,i (z, t)

dt
=
ncgn.i(z, t)

τgr
(1 − f vgn.i ) +

nven,i (z, t)

τ veg
(1 − f vgn.i (z, t)) −

nvgn,i (z, t)

τ vge
(1 − f ven.i (z, t))

+

2M+1∑
m=1

0Lgm,n,i
Pprobem,i (z, t)

Eprobem,i

(f cgm,i
(z, t) − f vgm,i

(z, t)) (13)

dnven,i (z, t)

dt
=
ncen.i(z, t)

τer
(1 − f ven.i (z, t)) +

nvgn,i (z, t)

τ vge
(1 − f ven.i(z, t)) −

nven,i (z, t)

τ veg
(1 − f vgn.i (z, t))

−

2M+1∑
m=1

0Lαm,n,i
Ppumpm,1 (z, t)

Epumpm,1

(f vem,1
(z, t) − f cem,1

(z, t)) (14)

∂Ppumpm,i (z, t)

∂z
= (−

2M+1∑
n=1

0αm,n,i(f ven,i (z, t) − f cen,i (z, t)) − αint )P
pump
m,i (z, t) (15)

∂Pprobem,i (z, t)

∂z
= (

2M+1∑
n=1

0gm,n,i(f cgn,i (z, t) − f vgn,i (z, t)) − αint )P
probe
m,i (z, t) (16)
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TABLE 2. The parameters required in calculating rate and propagation
equations [48], [56], [57], [58].

is applied to channel-2. In this mode, the output modu-
lated probe signal for channel-1, and channel-2, as well as
the PG for both channels, are calculated and depicted in
Figure 2 (a, d, g), respectively. Secondly, a constant CW
pump signal has been applied to channel-1, and a Gaussian
pulse train pump signal has been applied to channel-2. In this
mode, the output modulated probe signal for channel-1 and
channel-2 and the PG for both channels are calculated and
depicted in Figure 2 (b, e, h), respectively. Thirdly, Gaus-
sian pulse trains as pump signals have been applied to both
channels. In this mode, the output modulated probe signal
for channel-1 and channel-2 and the PG for both channels
are calculated and depicted in Figure 2 (c, f, i), respectively.
According to these figures, when the Gaussian pulse train is
periodically applied to switch off the pump signal in just one
channel to modulate the input probe signal, the other channel
is also affected. In other words, due to the carrier transfer
between two channels (the FRET process), the other channel
is modulated to negligible, and the PG profile is altered for
both channels.

According to Figure 2 (g, h, i), the carrier recovery time is
approximately< 0.5 ns, indicative of a subsequent frequency
response anticipated to be within the range of a few GHz
for this device. A crucial determinant influencing the carrier
recovery time is the relaxation time of the carriers. Given
its picosecond scale, this time parameter does not pose a
limiting factor for the operational frequency of the device.
Another determinant contributing to the limitation of the
carrier recovery time in the proposed structure is the FWHM
of the Gaussian pulse width of the input optical pump.
Consequently, an additional crucial parameter deserving con-
sideration in the device’s output is the MD. In instances of
population inversion, a faster turn-off of the optical pump
(characterized by a smaller pulse width) occurs due to

insufficient input probe power, which promptly releases car-
riers from the conduction band.

Consequently, the input probe struggles to promptly follow
the optical pump, leading to a diminished MD in the output
probe signal. It is noteworthy that the gain recovery time,
which operates on a nanosecond scale, does not significantly
contribute to the swift release of carriers from the conduction
band. Therefore, to achieve an acceptable MD at the device’s
output, a deliberate increase in the pulse width of the optical
pump is necessitated. This increase concurrently elongates
the carrier recovery time and consequently diminishes the
bandwidth.

A noteworthy conclusion regarding Figure 2 is that the two
channels operate independently in the modulation process,
except for the FRET process, which was explained earlier.
Additionally, the data suggests that the two channels need
not operate at the same bit rate and can have different bit
rates. In general, the purpose of Figure 2 is to evaluate the
performance of the proposed structure under challenging con-
ditions, especially when two channels have the same bit rate.
Simulations have been performed to measure their influence
on each other and to assess their flexibility.

Electron occupation probabilities as a function of incident
light energy for GSc, ESc, GSv, and ESv are demonstrated in
Figure 3 (a, b, c, d), respectively. Notably, the peaks in these
probabilities align with the wavelengths of the incident lights.
Similarly, Figure 3 (e, f, g, h) depicts electron occupation
probabilities as a function of time for GSc, GSv, ESc, and
ESv, respectively. In all instances of Figure 3 (a, b, c, d),
the probabilities are calculated at both the beginning and end
of the structure. The results indicate that electron occupation
probabilities in the conduction band are higher at the com-
mencement of the structure compared to those at the end,
owing to the incident light being applied at the input facet of
the waveguide.Consequently, the absorption processes occur-
ring along the waveguide lead to a reduction in the number
of photons, resulting in diminished interband transitions and,
subsequently, a decrease in electron occupation probabilities
at the output facet.

Analyzing the time responses reveals that, before periodi-
cally switching off the pump signal, a population inversion
occurs between the energy levels of the conduction and
valence bands. Upon the Gaussian pump signal being applied,
the absorption process decreases, and carriers in the conduc-
tion band are reduced through the probe signal (stimulated
emission). At this time, the carriers of the valance band
increase, leading to a decrease in the output probe signal.
Subsequently, by switching on the pump signal, the output
probe signal increases, eventually manifesting a modulated
probe signal that mirrors the changes in the pump signal at
the output facet of the waveguide.

The PG, depicted as a function of output probe power
for channel-1 and channel-2 is illustrated in Figure 4 (a, d),
respectively. Notably, this depiction signifies the selection of
the linear region for the modulation process. Furthermore,
the PG is calculated for three specific pump power levels,
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FIGURE 2. The general performance of two-channel QD-AOM with the pump power of 100 mW, the input power of −20 dBm,
and the pulse train frequency of 1GHz. Output probe beam for channel-1 (a) when a Gaussian pump signal has been applied to
channel-1 and a CW pump signal has been applied to channel-2, (b) when a CW pump signal has been applied to channel-1 and
a Gaussian pump signal has been applied to channel-2, and (c) when Gaussian pump signals have been applied to both
channels. Output probe beam for channel-2 (d) when a Gaussian pump signal has been applied to channel-1 and a CW pump
signal has been applied to channel-2, (e) when a CW pump signal has been applied to channel-1 and a Gaussian pump signal
has been applied to channel-2, and (f) when Gaussian pump signals have been applied to both channels. The time-resolved PG
for channel-1&2 (g) when a Gaussian pump signal has been applied to channel-1 and a CW pump signal has been applied to
channel-2, (h) when a CW pump signal has been applied to channel-1 and a Gaussian pump signal has been applied to
channel-2, and (i) when Gaussian pump signals have been applied to both channels.

revealing an increase in the linear region as the pump power
is augmented. Figure 4 (b, e) illustrates the output probe
power as a function of the input probe power for channel-1
and channel-2, respectively. It is discernible that with an
increase in input probe power, the output probe power linearly
increases until reaching saturation points of −7.2 dBm and
−6.7 dBm for channel-1 and channel-2, respectively, at an
input pump power of 100 mW.

Given the absence of the absorption process during the
applied of a Gaussian pulse, the PG diminishes, with a more
pronounced decrease at higher input probe powers. There-
fore, the output probe power approaches zero with increasing
input probe power. Consequently, the MD, defined as the
difference between the maximum and minimum values of
the output probe power, increases. Subsequently, a further

increase in input probe power leads to the occurrence of the
absorption process instead of the PG. This results in an atten-
uation of the output probe power, diminishing the maximum
level and, consequently, reducing the MD. These dynamics
are visualized in Figure 4 (c, f), depicting the MD as a func-
tion of the input probe power for channel-1 and channel-2,
respectively. Based on the data presented in Figure 4 (g, h),
it becomes evident that the frequency response or bandwidth
of the structure is inversely proportional to the input probe
power. This trend is observed in both channels, indicating that
the effect is independent of the specific channel used.

In Figure 4 (i), the bandwidth of the structure is plotted
against the changes in input probe powers for both channels.
It is worth noting that channel-1 exhibits a relatively larger
bandwidth than channel-2 at low probe powers. At a probe
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FIGURE 3. Electron occupation probabilities as a function of incident light energy in z=0 and z=L for both channels, (a) for GSc (b) for
ESc, (c) for GSv, and (d) for ESv. Electron occupation probabilities as a function of time in z=L for both channels, (e) for GSc, (f) for GSv,
(g) for ESc, and (h) for ESv.

power of−40 dBm, the bandwidth for channel-1 is 105 GHz,
while that for channel-2 is 58 GHz. The data demonstrates
that as the input probe power is increased, the bandwidth val-
ues for both channels remain at a reasonable and appropriate
level. Specifically, when the probe power is set to −20 dBm,
channel-1 and 2 achieved impressive bandwidths of 26.3 GHz
and 19.7 GHz, respectively

The frequency responses, as depicted in Figure 5 (a, d),
reveal that an increase in pump power leads to a wider band-
width for the device. The PG for channel-1 and channel-2
as a function of pump power are presented in Figure 5 (b, e),
indicating a decrease in the PGwith an increase in input probe
power. Furthermore, with an increase in input pump power at
a fixed probe power of −20 dBm, we anticipate that the PG
will rise due to enhanced carrier absorption from the valence
band to the conduction band. This results in an increase in
excited carriers in the conduction band. The heightened car-
riers in ESc lead to an increase in stimulated recombination
in the presence of the probe power, consequently elevating
the PG.

Furthermore, by increasing the pump power, the PG
increases until the ESc is not saturated with excited carriers.
As observed in Figure 5 (b, e), the PG changes almost linearly
with the increase in pump power up to approximately 50 mW.
Beyond this point, the changes in the output PG become
minimal, indicating the saturation of ESc. Consequently, the
PG stabilizes at high pump power. Figure 5 (c, f) illustrates
that an increase in input probe power corresponds to an

increase in MD. As the input probe power rises, the stimu-
lated recombination rate increases. Additionally, applying a
Gaussian pulse to turn off the pump power leads to a rapid
reduction in the density of electrons in the conduction band.
Consequently, the minimum level of the output probe power
decreases, leading to an increase in MD.

The carrier lifetime stands as a critical parameter influenc-
ing the PG of the device, and its determination is intricately
linked to the conditions of the QD’s fabrication process.
Due to the presence of traps that modify the recombination
process time, it is possible to control the recombination time
by engineering the fabrication of these QDs. In Figure 6, the
repercussions of alterations in carrier lifetime are explored
in the context of frequency responses, and it is important to
note that all simulations in this figure were conducted using
the input pump power of 100 mW and the input probe power
of −20 dBm for both channels. Figure 6 (a, b) demonstrates
that an increase in carrier lifetime leads to a reduction in
the bandwidth of the proposed device for both channels.
As explicitly illustrated in Figure 6 (c), it is evident that
even with a high lifetime, channel-1 and 2 have a bandwidth
of 5 GHz and 12 GHz, respectively, in 1 ns.

Additionally, Figure 6 (d) delves into the effects of vary-
ing carrier lifetimes on MD. The results indicate that an
increase in carrier lifetime corresponds to a decrease in MD.
This phenomenon arises due to the extended lifetime, which
leads to a diminished probability of spontaneous recom-
bination of electrons. Consequently, the noise stemming
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FIGURE 4. (a) The PG versus output probe power of channel-1 at the input pump power of 100 mW for channel-2. (b) The output probe
power versus input probe power of channel-1 at the input pump power of 100 mW for channel-2. (c) The MD versus input probe power of
channel-1 at the input pump power of 100 mW for channel-2. (d) The PG versus output probe power of channel-2 at the input pump
power of 100 mW for channel-1. (e) The output probe power versus input probe power of channel-2 at the input pump power of 100 mW
for channel-1. (f) The MD versus input probe power of channel-2 at the input pump power of 100 mW for channel-1. Frequency response
for (g) channel-1 and (h) channel-2. (i) The bandwidth of the device versus input probe power of channel-1&2 at the input pump power
of 100 mW.

from the creation of unwanted photons through sponta-
neous recombination is reduced. In this case, more time
and more carriers are available for performing stimulated
recombination in response to the CW probe signal. As a
result, upon applying a Gaussian pulse to turn off the
pump power, the minimum value of the output probe power
decreases, leading to a reduction in MD. Figure 6 (e, f)
further reveals that an increase in carrier lifetime results in
an extended recovery time for carriers, ultimately leading
to a decrease in the bandwidth of the device, as evidenced
in Figure 6 (c).

IV. FABRICATION FEASIBILITY OF THE TWO-CHANNEL
QD-AOM
In this section, a feasibility analysis of constructing the
QD-AOM is presented, and practical limitations are dis-
cussed. These insights aim to provide a clear understanding
of the viability of the proposed structure.

To implement the proposed modulator, the utilization of
slab waveguide is recommended. A slab waveguide, also
known as a planar waveguide, is a fundamental optical
structure designed to confine and guide light in a single
spatial dimension while allowing propagation in the other
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FIGURE 5. (a) Frequency response of channel-1 for the input pump power of 50 mW, 100 mW, and 150 mW. (b) The PG of channel-1 versus
the pump power for the input probe power of −20 dBm, −10 dBm, and 0 dBm. (c) MD of channel-1 versus the pump power for the input
probe power of −20 dBm, −10 dBm, and 0 dBm. (d) Frequency response of channel-2 for the input pump power of 50 mW, 100 mW, and
150 mW. (e) The PG of channel-2 versus the pump power for the input probe power of −20 dBm, −10 dBm, and 0 dBm. (f) MD of channel-2
versus the pump power for the input probe power of −20 dBm, −10 dBm, and 0 dBm.

two dimensions. This is achieved by sandwiching a thin
dielectric core layer with a higher refractive index between
two cladding layers of lower refractive indices, ensuring
total internal reflection within the core. Slab waveguides are
essential in numerous applications, including optical com-
munications for data transmission, sensors for biosensing
and chemical detection, and various photonic devices like
lasers and modulators. Their ability to precisely confine light
makes them pivotal in the development and miniaturization
of integrated optical circuits [59].

In our proposed device, the active layer’s refractive index
surpasses that of the transmission layers, facilitating effec-
tive light confinement within the active region strategically
positioned between two regions—air and glass. This posi-
tioning leverages their low refractive indices to enhance light
confinement within the active region. The dimensions of
our slab waveguide are chosen to optimize its function as
an AOM. The proposed length and width are thoughtfully
selected to ensure optimal interaction with incoming light and
significant interaction with the carriers along the QD-AOM
length. Based on experimental studies, it has been found that
the colloidal synthesis method has the potential to fabricate
samples with an active region thickness exceeding 10µm and
may even achieve a thickness of up to 20 µm [60].

The solution process in optoelectronics and photon-
ics is rapidly advancing for implementing QDs in com-
mercial devices. Chemical synthesis techniques regulate
nanoparticle size by adjusting factors such as concentra-
tion, temperature, pH, and solvent rotation, resulting in
crystals with precise diameters. Low concentrations yield
uniform and precise QDs, while high concentrations can
lead to poor size control. InAs nanocrystalline QDs can
be made from tris(trimethylsilyl)arsine (As[TMS]3), and
InCl3, with size regulated by growth time and infusions
in an inert atmosphere. However, low input material con-
centration and slow reaction speed can limit nanoparticle
distribution. Toluene/methanol can improve size control, and
electrophoresis separates QDs of varying sizes for a narrow
distribution using conventional synthesis methods [61], [62],
[63]. Remarkably, QDs can be synthesized with a precision of
approximately 0.1 nm [42], [44], [64], [65], [66], [67], [68].

InAs QDs have garnered significant attention from
researchers due to their potential applications in photon-
ics, optoelectronics, and biomedicine. Substantial progress
has been made in refining their manufacturing processes
and surface reactions. However, the challenge of upscaling
thesematerials for commercial use persists. Ongoing research
endeavors aim to surmount these barriers. For instance, recent
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FIGURE 6. Frequency response for different lifetimes of 0.1 ns, 0.4 ns, and 1 ns (a) for channel-1 and (b) for channel-2. (c) Bandwidth of
the structure versus carrier lifetime for channel-1&2. (d) MD versus carrier lifetime for channel-1&2. Normalized output probe power for
different lifetimes of 0.1 ns, 0.4 ns, and 1 ns (e) for channel-1 and (f) for channel-2.

discussions on novel chemical strategies have contributed
to the advancement of InAs QD synthesis, reflecting the
proactive efforts of the scientific community to render these
materials more suitable for large-scale applications. Further-
more, the emphasis on Restriction of Hazardous Substances
(RoHS) compliance and the quest for safer alternatives to
toxic elements (such as lead andmercury) underscore a stead-
fast commitment to achieving commercial feasibility [69].

Regarding lifetime, many studies have been done on
QDs made by the solution method, and according to their
application, most of these studies are on QD light-emitting
diodes (QLEDs). Addressing the long-term reliability and
operational lifetime of solution-processed QD devices under
continuous operation and varying environmental conditions
is crucial. The operating lifetime of these devices, such as
QLEDs, can vary significantly. For instance, some reports
indicate that QLEDs can maintain over 50% of their initial
brightness for more than 4000 hours under continuous opera-
tion [70]. However, this lifetime is highly sensitive to factors
such as temperature, humidity, and exposure to oxygen or
light, which can accelerate degradation. Surface passivation
and shell engineering are critical in enhancing the stability
of InAs/AlAs core/shell QDs, mitigating degradation caused
by environmental stress and continuous operation. Advances
in chemical synthesis strategies, particularly in optimizing
the core/shell architecture, aim to improve the long-term
stability of these QDs. Careful encapsulation and the use

of protective layers are essential to extend the operational
lifetime by reducing the impact of environmental conditions.
Nonetheless, the durability of solution-processed QD devices
remains heavily dependent on the environmental protections
applied during both manufacturing and usage [69], [71].

Effective coupling of pump and probe signals into two
separate QD-AOM channels typically necessitates precise
optical design and alignment, thereby increasing system
complexity and cost. However, in our proposed model, the
modulation channels are integrated, with QDs of varying radii
positioned adjacently, each modulating in response to light of
the corresponding wavelength. This integrated design simpli-
fies the coupler construction and coupling process, making it
more cost-effective and suitable for commercial applications.

An additional limitation in the performance of the pro-
posed device may arise from the influence of ambient
temperature and the heat generated within the modulator
itself. These factors can potentially impact the device’s per-
formance, necessitating a thorough evaluation. Temperature-
influenced optical characteristics are critical in optical device
research. Temperature increases are correlated with increased
FWHM of the homogenous broadening. While small tem-
perature variations have negligible effects on homogenous
broadening, significant widening occurs with large tem-
perature fluctuations. Specifically, at 80 K, the FWHM is
insignificant, but at 160 K, it ranges from 6–8 meV, and
at 298 K, it widens further to 16–19 meV. The relationship
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FIGURE 7. MD versus pump power for varying temperatures with an input probe power of −20 dBm (a) for
channel-1 and (b) for channel-2.

between higher temperatures and increased widening is clear
due to intensified interactions with phonons and other scat-
tering processes [72].

The proportional relationship between the FWHM of the
homogenous broadening at room temperature and at other
temperatures can be theoretically justified by considering
the temperature dependence of various broadening mecha-
nisms in QDs. The FWHM of the homogeneous broadening
0HB in QDs is primarily influenced by two key factors:
pure dephasing processes and population relaxation. These
processes are known to vary with temperature, particu-
larly due to phonon interactions. At higher temperatures,
phonon interactions dominate, leading to increased dephas-
ing and broadening. The proportionality assumption stems
from the well-known temperature dependence of phonon-
induced broadening, which typically follows a power-law
or exponential behavior, depending on the specific phonon
modes involved. As a first approximation, it is reasonable
to consider that the broadening scales proportionally with
the temperature-induced phonon population, which itself is
proportional to the Bose-Einstein distribution [72], [73].

Experimental studies have consistently shown that the
0HB in QDs increase with temperature. For instance, in the
work [73], demonstrates that the linewidth exhibits a clear
temperature dependence, increasing as the temperature is
raised from cryogenic levels to room temperature. This is
consistent with the expected behavior due to phonon inter-
actions. Additionally, Sugawara et al. in the reference [72],
provide experimental data showing that the linewidth at room
temperature can serve as a reference point for predicting
the linewidth at other temperatures, further supporting the
proportionality assumption. Their findings indicate that while
the absolute value of the linewidth varies, the relative change
with temperature remains consistent, which validates our
proportionality hypothesis.

The proportional relationship between the homogeneous
linewidth at room temperature and at other temperatures is
grounded in the well-established temperature dependence of
phonon interactions in QDs. Both theoretical considerations

and experimental evidence support this assumption, confirm-
ing its scientific validity and reliability.

QD-based devices are less sensitive to temperature than
bulk-based devices due to their discrete energy states, reduced
carrier density during operation, and significant stability [74].
The QD-AOM proposed in this research is consistent with
examples reported in recent research, demonstrating less sen-
sitivity to temperature changes. Consequently, the QD-AOM
will exhibit significant stability under operating conditions.
Figure 7 illustrates the MD at five different tempera-
tures, with the Figure 7 (a) representing channel-1 and the
Figure 7 (b) representing channel-2. Asmentioned, the homo-
geneous broadening will change with temperature change,
so in this simulation, FWHMs of 1, 18, 20, 21, and 22 meV
were used for temperatures of 80, 280, 300, 320, and 340 K,
respectively. The figure clearly shows that at temperatures
close to room temperature, the MD has little change and
relatively more changes are observed at the temperature
of 80 K, which is considered a low temperature. These
theoretical results are completely consistent with the exper-
imental results because the reported examples of temperature
reduction increase the gain in the semiconductor optical
amplifier [73], [75]. Here also, this temperature reduction
increased the PG and then caused an increase in the MD.

V. CONCLUSION
In this study, we propose a novel approach to a two-channel
QD-AOM utilizing a colloidal InAs/AlAs structure that can
be fabricated through the solution process method. The
proposed structure aims to simultaneously modulate two
distinct wavelengths within the telecommunication windows
(1.32 µm, 1.55 µm) by applying two pump signals with
differing wavelengths (683 nm, 866 nm) through two separate
channels. The modal analysis of the designed two-channel
QD-AOM involves the solution of the 3D Schrödinger
equation. To appraise the theoretical analysis, the coupled
rate and propagation equations have been solved. Based on
modeling results, channel-1 and channel-2 have MDs of
65% and 62% and bandwidths of 26.3 GHz and 19.7 GHz,
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respectively, at 100 mW of the pump power and −20 dBm
of the input probe power. The flexibility of the modeled
two-channel QD-AOM extends to accommodating additional
sizes of QDs, paving the way for multi-channel modulation.
This versatility holds promising applications in diverse fields,
including thermal imaging, signal processing, night vision
cameras, and WDM.
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