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1. Introduction

The fields of quantum electronics (e.g., quantum dots, superconducting circuits) as
well as optoelectronics have produced many important research achievements in the
past few years. They consist of quantum and optical platforms in combination with
electronic and condensed matter systems, which can enable building blocks for a plethora
of applications in quantum computing, optical technology, and information processing,
such as, e.g., machine learning.

In this Special Issue, we have selected a series of works in this area dealing with a
wide variety of topics, ranging from quantum dot applications, to quantum information
processing, as well as machine learning for industry operations. We hope that the research
here described may induce further developments in this area, and produce significant
applications for industry and society alike.

In Section 2 we summarize the articles included in the Special Issue. Subsequently, in
Section 3 we give a scope for future developments.

2. Brief Description of the Published Articles

Juárez-Barojas et al. [1] introduced a maintenance system that relies on artificial
intelligence to monitor online the support bed expansion in a 30-L pilot-scale inverse
fluidized bed reactor (IFBR). Their aim was to obtain a condition-based maintenance
strategy by employing a single-level sensor for a biofilm inverse fluidizing bed as a source
for virtual sensors. They implemented an artificial neural network on an embedded
electronic system (Raspberry Pi 4) to achieve this.

Moiseev et al. [2] studied aspects of the electroluminescence spectra of narrow-gap
type II InAs/InSb/InAs heterostructures containing a single layer of InSb quantum dots
placed into a p-n-InAs junction. They used a forward and reverse bias in the temperature
range of 77–300 K to investigate these luminescence properties as a function of the surface
density of nano-objects buried in the narrow-gap matrix. Under certain conditions, they ob-
served the suppression of negative interband luminescence and the dominance of interface
recombination transitions at the InSb/InAs type II heterojunction at room temperature.

Gijare et al. [3] studied the electrochemical measurements of reduced graphene oxide-
titanium oxide (rGO)/TiO2) electrodes for the application of a glucose sensor. The paper
analyses the sensitivity, stability, and reproducibility of the sensor electrodes employed to
evaluate the concentration of glucose in the serum. This sensor was used for glucose level
detection in natural blood serum and showed a relative standard deviation of 1.88%, which
was in good agreement with the commercial glucose sensor values.

Venkatesan et al. [4] fabricated a planar Si/PEDOT: PSS heterojunction solar cell using
three different solvents—ethylene glycol, acetonitrile, and dimethyl sulfoxide—to elucidate
the best one. The obtained samples were characterized by diverse techniques, including
diffuse reflectance spectroscopy, scanning electron microscopy, X-ray diffraction, and the
current–voltage technique.
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Balakirev et al. [5] explored the influence of arsenic pressure during low-temperature
GaAs overgrowth of InAs quantum dots on their optical properties. They observed a single
broad line corresponding to the unimodal size distribution of quantum dots in the spectrum
of quantum dots overgrown at a high arsenic pressure. Meanwhile, they also observed two
distinct peaks (~1080 and ~1150 nm) at larger wavelengths in the spectra of samples with
quantum dots overgrown at a low arsenic pressure.

Cherckesova et al. [6] developed a quantum protocol modification to standard quan-
tum cryptography algorithms, increasing the cryptographic strength of the quantum proto-
col BB84.

Roslan et al. [7] analysed the charge transport properties of organic vanadyl 3,10,17,24-
tetra-tert-butyl-1,8,15,22-tetrakis(dimethylamino)-29H,31H phthalocyanine (VTP). They
showed that the I-V profile, demonstrated by a single VTP, showed a rectifying behaviour,
and Schottky diode parameters, including the ideality factor, barrier height, shunt, and
series resistance, were computed, among other studies.

Kotb et al. [8] demonstrated all basic optical logic operations, including XOR, AND,
OR, NOT, NOR, XNOR, and NAND, through simulations using K-shaped compact silicon
waveguides at the 1.55 μm telecommunication wavelength. These waveguides comprised
three waveguide strips made of silicon and printed on silica.

Mohanty et al. [9] explored the effect of the tungsten nitride (WNx) diffusion barrier
layer on resistive switching operations of the aluminum nitride (AlN)-based conductive
bridge random access memory.

Quapp et al. [10] studied the twist map, with an interest in its use for the finite Frenkel–
Kontorova model, explaining the meaning of tensile forces in some proposed models.

Sun et al. [11] proposed a wide reflected angle Ti3O5/SiO2 DBR (WRA-DBR) for
AlGaInP-based red and GaN-based green/blue flip-chip micro LEDs (RGB flip-chip micro-
LEDs) to solve the drawbacks of the double-stack distributed Bragg reflector in micro-LEDs.

Shabbir et al. [12] reviewed the advantages of quantum dots in solar cells and quantum
dot lasers, followed by a more in-depth discussion of applications in photodetectors. The
diverse types of metallic materials, such as lead sulfide and indium arsenide, as well as
nonmetallic materials, such as graphene and carbon nanotubes, were discussed.

Ahmad et al. [13] reviewed the usefulness of hybrid quantum dots as a theranostic
system in different cancers and analysed diverse biomolecules conjugated hybrid quantum
dots investigated for diagnostic/therapeutic applications in cancer. The properties of
different biomolecules, such as folic acid, PEG, etc., as well as hybrid quantum dots on
their biopharmaceutical attributes, were also discussed.

Parvin et al. [14] reviewed the diverse protocols for producing mono- and few-/multi-
layer graphene. The impact of mono-/few-/multi-layer graphene was then studied concern-
ing its quality and properties. The unique electrical features of graphene were highlighted,
such as good carrier mobility, typical ambipolar behaviour, and a specific energy band
structure, which might be employed in field effect transistors (FETs) and utilized in radio
frequency (RF) circuits, sensors, memory, and other applications.

3. Future Directions

We expect that the field of quantum and optoelectronics will only grow in the future;
a research avenue that could have a significant impact is the connection of the former with
machine learning and artificial intelligence. This could serve, on the one hand, to facilitate
the better design and control of the quantum and optoelectronics devices using machine
learning and employing the physical devices in these areas to carry out more efficient
machine learning through, e.g., neuromorphic architectures, memristors, and similar. Even
if it is often difficult to predict the future evolution of a scientific field, our impression is
that many applications for industry and society in these areas are yet to be developed.
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Condition-Based Maintenance of an Anaerobic Reactor Using
Artificial Intelligence

Isaias Juárez-Barojas, Rubén Posada-Gómez , Alejandro Alvarado-Lassman * and José Pastor Rodríguez-Jarquín

División de Estudios de Posgrado e Investigación, Tecnológico Nacional de México/Instituto Tecnológico de
Orizaba, Orizaba 94320, Mexico
* Correspondence: lassman@prodigy.net.mx

Abstract: This paper proposes a condition-based maintenance system based on artificial intelligence
for an online monitoring system of the support bed expansion in a 30-liter pilot-scale inverse fluidized
bed reactor (IFBR). The main scope is to achieve a condition-based maintenance strategy using a single-
level sensor for a biofilm inverse fluidizing bed as source for virtual sensors. The implementation
of an artificial neural network was performed on an embedded electronic system (Raspberry Pi 4),
both working together in real time. The signals estimated by the neural network are compared
against the signals measured by the hardware sensors and, in case of detecting a failure in the
physical measurement system, the artificial intelligence-based system then uses the signal estimated
by the artificial neural network to maintain the correct operation of the IFBR. This system uses an
artificial neural network to estimate the COD concentration of the effluent and the biogas production
flow of a bioreactor, from the measurement of pH, the COD concentration of the influent, the
inflow to the bioreactor and the signal coming from each of the conductivity sensors installed inside
the reactor, which provide information about support media expansion in a pilot-scale inverse
fluidized bed reactor. In addition, a fuzzy PI controller is presented, which was implemented in
a Raspberry Pi electronic card, to regulate the COD concentration in the effluent of the bioreactor
used as a case study.

Keywords: condition-based maintenance; artificial neural network; inverse fluidized bed reactor

1. Introduction

This paper presents the implementation of a neural network that serves as the basis
for the generation of a condition-based maintenance system for an anaerobic reactor, which
is a complex process due to its nonlinear nature and that some of the variables involved in
the process do not currently have commercial/professional sensors to be measured online,
so it requires the implementation of virtual sensors to estimate the value of the same, in this
case relying on a level sensor implemented in an anaerobic IFBR presented in [1], where
control, diagnosis and maintenance were not achieved.

Online fault detection and isolation (FDI) has become a major issue due to the in-
creasing demand for reliability and safety in industrial processes, as well as economic and
environmental constraints [2]. When a fault occurs, it can affect the efficiency of the process,
and if such a fault is not located at an early stage, it could lead to a catastrophic scenario
including injury to personnel, environmental contamination and destruction of assets and
equipment [3].

Nowadays, industrial processes are becoming increasingly complex, which increases
the difficulty of performing online fault diagnosis quickly and efficiently [4], due to the
nonlinear and highly coupled nature of the variables involved in these processes.

This last point is especially present in the case of anaerobic reactors, in which it is
practically impossible to perform online measurement of all the variables involved in the
process, thus fully justifying the need to develop an adequate fault diagnosis tool for this
type of reactor [5].
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Anaerobic reactors present an interesting case study for fault detection methods
because it is very difficult to detect what is happening inside the reactor at a given instant,
as well as to know how the concentrations of the different bacterial groups and of the
organic pollutant load are evolving as a function of time [6]. In addition, given a set of
indirect signals or measurements taken from a process, it can be difficult to identify whether
the information coming from the process is reliable or not [7]. Furthermore, in the event that
the process is not behaving as it should, it can be very difficult to know which component is
responsible for the irregularity [8]. To solve this problem, the fault detection and isolation
study presented below has been developed, which is based on a differential geometry
approach for a class of nonlinear systems.

The observer-based approach to FDI [9] is among the most important contributions to
the area of analytical redundancy-based FDI. Basically, it consists of defining a function
of the system outputs, for each fault signal or set of fault signals, that can only be affected
by that particular fault (or set of faults). The redundancy of the system is provided by the
comparison of the output function in question with its estimate [10]. An observer-based
FDI study can be found in [11]. Most of the proposed contributions were developed for
linear systems; however, many processes are nonlinear. It should be noted that, even if the
process operates at a certain operating point, the occurrence of a fault can move it away
from the operating point, thus generating errors in the model that leads to the generation
of false alarms [12].

A linear system is said to be observable at time t0, if with the system in state x(t0) it is
possible to determine that state from the observation of the system output, during a finite
time interval. Consider the linear system in continuous time, represented by:

.
x(t) = A(t)Bu(t), t ≤ t0 x(t0) = x0y(t) = Cx(t) (1)

where x(t) ∈ �n is the state vector, A ∈ �nxn is the state matrix, y(t) ∈ �n is the system matrix
and C ∈ �mxn. The observability of the system (Equation (1)) is established according to
the observability matrix ϑ:

ϑ =

⎡
⎢⎢⎢⎢⎢⎣

C
CA
CA2

...
CA(n−1)

⎤
⎥⎥⎥⎥⎥⎦ (2)

The system is observable if and only if the observability matrix has full rank, that is,
rank (ϑ) = n.

For nonlinear systems, a concept related to observability is that of detectability or
asymptotic observability, which establishes that a system is detectable if the difference
between two trajectories with the same output history converges asymptotically to zero [13].

The observability analysis for nonlinear systems can be performed, in an approximate
way, by linearizing the equations representing the model around an equilibrium point and
determining the observability matrix in order to establish the local observability of the
system in the vicinity of the selected equilibrium point. Another alternative to evaluate
the observability of nonlinear systems is based on the use of differential geometry tools,
through the construction of the observation space assuming that the output depends only
on the state variables [14].

Biological processes, in most cases, are not completely observable, due to their nonlin-
ear nature, so it is more appropriate to estimate some relationships between parameters,
instead of estimating them individually [15].

• The estimation of states in biological reactors presents a critical drawback, due to the
high uncertainty associated with the following factors [16].

• The variety of biological species present in the reactor makes it difficult to determine
the role played by each of them in the process.

6



Electronics 2023, 12, 799

• The measurement of the initial total biomass does not correspond to the concentration
of the effective biomass.

• The complexity of the system makes it difficult to describe the parameters associated
with the kinetics of the biological reactions.

• The growth rates of the bacterial groups are time-varying.

In the work presented by authors of [17], a methodology for determining the global
observability and detectability of biological reactors is explored. The method proposed in
the article allows formalizing the design of the so-called asymptotic observers.

Recently, many efforts have been focused on the implementation of programmed sen-
sors based on state observers, due to the advantages that the use of these sensors represents,
compared to hardware sensors [18]. Some of these advantages are mentioned below:

The maintenance cost of a programmed sensor is much less expensive than that of a
hardware sensor.

• Once a programmed sensor has been designed and tuned for a particular application,
no periodic maintenance is required to recalibrate it (e.g., pH analyzers, oxygen
analyzers, etc.).

• Programmed sensors can be used to predict information that is difficult to obtain using
traditional methods, either due to inherent measurement delays or due to process
operating conditions.

• Installation costs are cheaper in most cases compared to traditional methods of moni-
toring systems.

Programmed sensors are used in order to solve problems associated with the lack of
sensors for real-time measurement of certain process variables. For example, authors of [19]
used a support vector regression algorithm for COD (chemical oxygen demand) estimation
in a perfectly stirred anaerobic reactor. One of the main difficulties in implementing
programmed sensors is that the design contemplates previously obtaining a predictive
model for a given process. Consequently, the success of a programmed sensor strongly
depends on the accuracy of the mathematical model obtained for that process.

Many empirical equations exist in the literature to model the porosity or expansion of an
IFBR. Campos-Díaz et al., 2012 [20], proposed the following model to estimate the porosity of
the inverse fluidized bed, as a function of the Reynolds particle and Archimedes numbers:

1.753e−3.807= Ar
[

0.75(24Re p+C1Re2
p

)]−1
(3)

where:
C1= 2.25(5.5 /Rep

)0.34 (4)

Authors of [20] developed an empirical correlation for predicting bed expansion as
a function of physical and dynamic variables of the system, calculated using the follow-
ing equation:

H
H0

= 0.988Ar−0.2124Re0.4049φ−1.804
s (D c/dp)

0.4613 (5)

where φ is the particle sphericity.
It is evident that at Rep < 0.2, the correlation of the result of [20] adequately predicts

the porosity of the bed, while at Rep > 0.7, the correlation of the result of [21] is more in
agreement with experimental data. However, both empirical correlations fail to provide
a reasonable overall description at all evaluated operating conditions, and this might be
associated with the experimental conditions in which they were fitted.

Therefore, taking into account that there are conductivity sensors placed inside the
IFBR, which provide information on the expansion of the fluidized bed, it was decided to
use the correlation of the result of [21] as a starting point to train an artificial neural network
capable of finding a relationship between pH, influent COD concentration, inflow to the
bioreactor and the signal coming from each of the conductivity sensors installed inside the
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reactor, to estimate the effluent COD concentration, the bioreactor biogas production flow
rate (the sum of methane and carbon dioxide production), the methane production flow
rate, the carbon dioxide production flow rate and the concentration of volatile fatty acids in
the reactor effluent.

The importance of the work presented resides in the considerations made and how the
process is treated to ensure the correct functioning of a control strategy and fault diagnosis
in the same, to maximize the production of biogas and serve as an aid system to a human
operator for the maintenance of the same, through the use of artificial intelligence tech-
niques.

2. Materials and Methods

2.1. Support Expansion Monitoring System

Figure 1 shows the block diagram of the bed expansion monitoring system. The
expansion of the bed is produced by the flow generated by opening the control valve
connected to the distribution tank. The flow is proportional to the valve opening and also
dependent on the force of gravity. By circulating the fluid downward, the colonized bed,
which has a lower conductivity than the effluent, begins to gradually expand.

Figure 1. Block diagram of the support expansion monitoring system.

Predevelopment measurements were carried out with a commercial conductivity sen-
sor to validate the above. The values obtained from the measurements using a conductivity
electrode, model DFR0300, are shown below in Table 1. All conductivity measurements
were performed at 25 ◦C.

Table 1. Conductivity comparison of different components involved in biodigestion.

Component
Conductivity

(mS/cm)

Citric wastewater 2.18

Expanding colonized support 2.08–2.11

Colonized support 0–1.68

8
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The electrode array allows for detecting the substrate change, thus identifying the
level of substrate expansion. A conditioning card was developed to obtain the necessary
voltage signal, and an acquisition card was used to capture the measured values.

The electrode model used for the array is CON2136-13 with a constant K = 10 and con-
struction material of polysulphone and platinum. It was chosen because the measurement
of the variable of interest must be continuous, which represents a problem for many of the
metallic materials available, such as copper or tin, since, over time, the environment inside
a biodigester is corrosive and can be degraded. Likewise, it is advisable in wastewater
treatment to use electrodes with a counter of 10, considering the conductivity levels of the
substrates in wastewater treatment. Moreover, the electrode performed adequately in a
previous investigation using synthetic wastewater [1], where level measure was achieved,
but a control and diagnosis systems were not achieved, conditions that are needed for a
condition-based maintenance strategy.

A platinum conductivity probe is proposed at each point in the column. The material
was chosen because the measurement of the variable of interest must be continuous, which
represents a problem for many of the metallic materials available such as copper or tin,
since, over time, the environment inside a biodigester becomes corrosive and can degrade
them. Platinum, on the other hand, is immune to oxidation and to the biological activity of
bacteria, making it one of the most suitable materials for this application.

The position of the electrodes is set at the bottom of the reactor column with a sepa-
ration distance of 10 cm from each other and in diagonal position to avoid clogging. The
voltage delivered by the conditioning circuit is calculated using Equation (6).

Vout = (Vin)(G)(Rf) (6)

where:

Vout: is the output voltage of the conditioning circuit.
Vin: is the alternating excitation voltage applied to the electrode.
G: solution conductivity.
Rf: feedback resistance of the conditioning circuit.

The value of the proposed feedback resistance in the conditioning circuit is 8.2 KΩ
due to the conductivity probe constant and the conductivity values present in the reactor
solutions previously presented. Dynamic testing of the system was performed, replicating
the expansion of the colonized support. The support material used was colonized (bacteria
biofilm around the support media) and noncolonized.

Figure 2 shows the results obtained from the dynamic expansion test of the support
bed. This test consisted of introducing colonized support media recirculating in the reactor
at a downward velocity of 1.41 m/h. It can be observed how after 650 s (10 min), sensor 1
detects a voltage decrease, which means that it has come into contact with the colonized
support media; then, at 950 s (16 min), sensor 2 also comes into contact with the substrate,
so its voltage decreases. Finally, sensor 3 comes into contact with the expanded support
at 1230 s (20 min). After half an hour of operation, the recirculation is turned off, so the
voltage values of the sensors begin to increase, but in reverse order, i.e., the voltage first
increases in sensor 3, then in sensor 2, and finally, sensor 1 returns to its initial values.

2.2. Description of the Fuzzy Logic PI Type Controller

The fuzzy logic PI-type controller is commonly used to design a robust controller for
ensuring suppression of disturbances. In a fuzzy PI-type controller (Figure 3), its nonlinear
mapping between the control rules and the fuzzy reasoning can be represented as a function
of the error e and the first-time derivative of the error Δe as follows:

Δu = FLC(e, Δe) (7)
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where Δu is the first-time derivative of the output control action. Δu can be expressed
approximately as follows:

Δu(t)
SΔu

=
Δe(t)
SΔe

+
e(t)
Se

(8)

where −Se < e(t) < Se, −SΔe < Δe(t) < SΔe, −SΔu < Δu(t) < SΔu, or

u(t) = kpe(t)+ki

∫
e(t)dt (9)

where kp = SΔu /SΔe and ki = SΔu/Se.
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Figure 2. Dynamic test of support bed expansion.

Figure 3. PI control system with fuzzy logic controller.

The membership functions for the inputs e and Δe are defined in the range (−1, 1), see
Figure 4a,b, respectively. The fuzzy subsets are defined as follows: NL: negative large; N:
negative; Z: zero; P: positive; and PL: positive large, for the input e. N: negative; Z: zero;
and P: positive; for the input Δe.

(a) (b)

Figure 4. (a) Membership functions for the input e. (b) Membership functions for the input Δe.
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The membership functions for the output Δu are defined in the range (−1, 1), see
Figure 5. The fuzzy subsets for the output Δu are defined as follows: NL: negative large;
NM: negative medium; NS: negative small; Z: zero; PS: positive small; PM: positive
medium; PL: positive large; for the output Δu.

Figure 5. Membership functions for the output Δu.

2.3. Description of Software Sensor Based on Artificial Neural Networks

An artificial neural network was developed to find a relationship between pH, influent
COD concentration, bioreactor inflow and the signal coming from each of the conduc-
tivity sensors installed inside the reactor to estimate the effluent COD concentration, the
biogas production flow rate of the bioreactor (the sum of methane and carbon dioxide
production), the methane production flow rate, the carbon dioxide production flow rate
and the concentration of volatile fatty acids in the reactor effluent. The neural network was
trained from hundreds of experimental tests performed on the bioreactor to relate biogas
production to fluidized bed expansion, based on signals from each of the three bioreactor
conductivity sensors.

The implementation of the artificial neural network was performed on an embedded
electronic system (Raspberry Pi 4), both working together in real-time. This device was
selected because it is a low-cost embedded system that does not require a computer to
perform its work.

Figure 6 shows how the neural network was trained from the results obtained from
the experimental tests performed with the bioreactor. The values of pH, COD concentration
of the influent, inflow to the bioreactor and the signal coming from each of the conductivity
sensors installed inside the reactor, during each of the experiments performed with the
bioreactor, correspond to the input vector (A) of the neural network. This input vector
contains 180 data points corresponding to the pH values, COD concentration of the influ-
ent, inflow to the bioreactor and the signal coming from each of the conductivity sensors
installed inside the reactor during 6 months of experimental tests. There are 180 input
neurons (B), which are connected to the neurons of the intermediate layer (C), and these
neurons of the intermediate layer are connected to the output neurons (D), which generate
the output signals estimated by the neural network, corresponding to the COD concentra-
tion of the effluent, the biogas production flow rate of the bioreactor (the sum of methane
and carbon dioxide production), the methane production flow rate, the carbon dioxide
production flow rate and the concentration of volatile fatty acids in the reactor effluent.

The objective of training the neural network is to make it capable of learning the rela-
tionship between the outputs and the input, so that when a new experiment is performed
with the bioreactor, a new sample of pH, COD concentration of the effluent, inflow to the
bioreactor and the signal coming from each of the conductivity sensors installed inside the
reactor will be introduced into the neural network and it will be able, from its learning,
to estimate the concentration values of the COD concentration of the effluent, the flow of
biogas production from the bioreactor and the signal coming from each of the conductivity
sensors installed inside the reactor that is introduced into the neural network and the neural
network is able, based on its learning, to estimate the concentration values of the effluent
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COD concentration, the bioreactor biogas production flow (the sum of methane and carbon
dioxide production), the methane production flow, the carbon dioxide production flow and
the concentration of volatile fatty acids in the reactor effluent.

Figure 6. Neural network arrangement used for the determination of pH, Qgas, S1, S2 and S3.

One of the primary objectives of this section is to statistically validate the neural
networks used to determine the output signals. One of the big questions that always has to
be solved when working with neural networks is to know what the number of neurons
in the intermediate layer or layers required for its error in the output to be optimal is. To
achieve this objective, an automatic algorithm had to be developed to analyze the behavior
of the network under different configurations of neurons in hidden layers.

In total, there are 180 data points from each of the 6 input signals to the neural network,
which provides us a matrix of 1080 data points, which should generate a correlation with
the data obtained in the experimental tests of the anaerobic reactor. Using the 180 data
points from each of the 6 input signals to train an artificial neural network can result
in an incorrect training of the network, because many of these variables may not have
significant relevance. For this reason, a preprocessing of these data was performed to
know the variance and correlation of the data in order to reduce the dimensionality of the
input vector to the neural network. A PCA is a statistical methodology that performs a
linear transformation through the creation of a new coordinate system for the input data,
in which, on its axes, it places the data ordered from the highest variance to the lowest
variance. In general terms, what a PCA does is create a new system in which it orders the
data from most relevant to least relevant, thus reducing the dimensionality of the data.

A PCA was programmed using MATLAB software, using the 1080 data points of the
input matrix, which corresponds to 180 dimensions for 6 input signals. According to the
results of the PCA, statistically speaking, and looking at its percentage of re-relevance, the
first 8 columns of the principal components were selected since they are the most important
data. With this dimensional reduction, the training input vector used in the neural network
was 8 dimensions.

A neural network was modeled with the 8 input data coming from the dimensional
data reduction obtained by the PCA and experimented on with different configurations
related to the number of hidden layers and number of neurons in the hidden layer. This
neural network delivers 5 outputs as a result, which are the estimation of the COD concen-

12



Electronics 2023, 12, 799

tration values of the effluent, the biogas production flow rate of the bioreactor (the sum of
methane and carbon dioxide production), the methane production flow rate, the carbon
dioxide production flow rate and the concentration of volatile fatty acids in the reactor
effluent. Figures 7 and 8 show the structure of the neural network, composed of an input
layer and an intermediate layer of neurons.

Figure 7. Neural network structure, input layer of neurons and intermediate layer of neurons.

Figure 8. Input layer, composed of the normalization algorithm, the weights and the tansig function.

Figure 9 shows the behavior of a neural network using 5 neurons in the hidden layer
of the neural network, obtaining a recognition error of 4.28%. Figure 10 shows the behavior
of the neural network using 15 neurons in the hidden layer with an error of 1.45%. The
graphs show the target (the blue line) representing the ideal recognition value, and the
circles in the graph are the actual recognition values obtained for each target value. It can
be seen that the neural network with 15 neurons in the hidden layer has a lower recognition
error (Figure 10).

Figure 9. ANN using 5 neurons in the hidden layer.
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Figure 10. ANN using 15 neurons in the hidden layer.

Figure 11 shows the behavior of the neural network focused on estimating the values
of the conductivity sensors, S1, S2 and S3, from the values of pH, COD concentration of the
influent and inflow to the bioreactor. In this regard, after evaluating multiple configurations
of neurons in the intermediate layer, it was determined that the best performance was
obtained with a neural network with 10 neurons in the intermediate layer.
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Figure 11. ANN with 10 neurons in the intermediate layer.

After training the neural network and performing the behavioral tests, validation
experiments were conducted to determine the margin of error of the neural network in
comparison with the hardware sensors. In this regard, the margin of error was less than 2%,
which allowed establishing the threshold values for the fault diagnosis scheme developed
in this project.
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The microcontroller was programmed for real-time execution of the neural networks.
Blocks were used to map the input signals from −1 to 1, and a Math Script node was
used in which all the weights of the network as well as all the mathematical formulation
to run the network were found. This block is connected directly to the outputs of the
hardware sensors, which delivers an input vector to the network with the values of pH,
COD concentration of the influent, inflow to the bioreactor and the signal coming from
each of the conductivity sensors installed inside the reactor.

3. Results

3.1. Experimental Results of Condition-Based Maintenance Scheme

In this work, a fuzzy PI controller was used to regulate the COD concentration in the
effluent of the fluidized bed reactor, having the inflow to the Qi bioreactor as a control
variable. To validate the performance of the controller, experimental tests were carried out
by feeding the reactor with citrus wastewater, which was diluted and conditioned to 6 g
COD/L and pH = 7, during the first twenty days of experimentation. Subsequently, the
wastewater was diluted to 3 gCOD/L, maintaining the original pH = 7. During the four
weeks prior to the start of the experiment, the controller was operating at a set-point value of
1 gCOD/L. On the first day of experimentation, the set-point was changed from 1 gCOD/L
to 0.5 gCOD/L, and was maintained unchanged for the forty days of experimentation. The
reactor temperature was kept constant at 35 degrees Celsius during the experimentation.

3.2. Operation of the Condition-Based Maintenance Scheme

As mentioned above, the COD sensor is responsible for sending the feedback signal
to the fuzzy PI controller that is responsible for regulating the COD concentration in the
reactor effluent. Therefore, if the COD sensor fails, then the regulation of COD in the
reactor effluent will also fail. To overcome this problem, the COD sensor condition-based
maintenance scheme presented in Figure 12 was developed. This maintenance scheme
receives the information from the fault diagnosis system (FDI), and when a COD sensor
failure occurs, the COD sensor is then disabled and its signal is switched to the COD signal
estimated by neural network 1, as long as this neural network is free of failure. However, in
case that neural network 1 presents a failure, the feedback signal is then taken from neural
network 2, as long as it is fault-free. In the extreme case that both neural network 1 and
neural network 2 are faulted, the feedback signal is then taken from neural network 3, as
long as it is fault-free.

Figure 13 shows the graphs of the COD concentration in the influent, both the exper-
imentally obtained graph and the graphs estimated by asymptotic observers 2 and 3. In
this figure, it can be seen that the three graphs are practically identical until day 60 of the
experiment, when the sudden and permanent failure of sensor s1 is observed. In Figure 14,
a transient is observed on day 60 of the experiment. This transient corresponds to the action
of the condition-based maintenance scheme, whereby the signal from sensor s1 is switched
by its estimate generated by observer 2, so that the controller continues to operate normally
and continues to regulate the COD concentration in the reactor effluent to 0.5 g COD/L.

As can be seen, the condition-based maintenance scheme fulfills its function, allowing
the system to continue to operate the control strategy, using the output obtained from
an observer that was not affected by the fault, which, when diagnosed, allows a human
operator to perform corrective maintenance without stopping the process; once this has
been corrected, the system detects the correct operation of the sensor and the control
strategy returns to its nominal behavior.
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Figure 12. Condition-based decision scheme.

  
(a) (b) 

  
(c) (d) 

Figure 13. (a) Experimental measurement of COD of the reactor effluent. (b) Estimation of COD of
neural network 1. (c) COD estimation of neural network 2. (d) COD estimation of neural network 3.
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Figure 14. Graph of COD switched by the condition-based maintenance scheme due to a sudden and
permanent failure of +50 mgCOD/L on day 60 of experimentation.

4. Conclusions

A real application of a fuzzy controller to a nonlinear multivariable anaerobic reactor
process was investigated; this controller provides a useful fault detection strategy when the
mathematical model is not available. In addition, an artificial neural network capable of
finding a relationship between pH, influent COD concentration, inflow to the bioreactor
and the signal coming from each of the conductivity sensors installed inside the reactor
was developed to estimate the effluent COD concentration, the biogas production flow
rate of the bioreactor (the sum of methane and carbon dioxide production), the methane
production flow rate, the carbon dioxide production flow rate and the concentration of
volatile fatty acids in the reactor effluent. The neural network was trained from hundreds
of experimental tests performed on the bioreactor to relate biogas production to fluidized
bed expansion, based on signals from each of the three bioreactor conductivity sensors.

In addition, the information obtained by this system allows not only to detect and
isolate failures that may occur in the sensors during the anaerobic digestion process, but the
information obtained from them can also be used as virtual sensors, as there are observers
that are not affected by certain faults, which allows the controller to continue operating and
leads to corrections in the physical sensor. This is vital in the case of bioreactors, due to their
nature and the diverse conditions necessary for their operation, since stopping the process
could reduce the population of biomass responsible for the processes of acidogenesis and
methanogenesis that allow the production of biogas to an unacceptable minimum, and in an
extreme case would require restarting the bioreactor, which would mean months of work.

In this work, the problem regarding the lack of online sensors to measure variables
in anaerobic reactors was presented; in this case, we considered a sensor to measure the
level of the reverse fluidized bed [1]; for a hybrid reactor reverse fluidized fixed bed, an
original design of the Tecnológico Nacional de México Campus Orizaba—using this sensor
as a basis—a control system and fault diagnosis based on artificial intelligence was made
for the generation of condition-based maintenance.

An artificial intelligence strategy approach was used as an estimator, predictor and
controller, as shown in this research.
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Abstract: The features of the electroluminescence spectra of narrow-gap type II InAs/InSb/InAs
heterostructures containing a single layer of InSb quantum dots placed into the p-n-InAs junction
were studied. The luminescent properties of the heterostructures under a forward and reverse bias in
the temperature range of 77–300 K were investigated as a function of the surface density of nano-
objects buried in the narrow-gap matrix. When applying the reverse bias to the heterostructures
under study, the suppression of negative interband luminescence and the dominance of interface
recombination transitions at the InSb/InAs type II heterojunction were observed at room temperature.
The radiation, which corresponded to recombination transitions involving localized electron-hole
states of the InSb quantum dots, was revealed and recorded at low temperatures.

Keywords: quantum dots; electroluminescence; InAs; InSb; type II heterojunction

1. Introduction

The mid-infrared spectral range (2.8–5.4 μm) is important for many applications of
optical gas sensing [1] such as medical diagnosis by breath analysis and for environmental
protection by localizing leaks of toxic and harmful gases [2]. Semiconductor heterostruc-
tures based on the narrow-gap InSb–InAs solid solutions system are very promising for
the creation of light-emitting diodes operating in the atmospheric transparency window of
4.4–5.4 μm [3,4]. This spectral region contains the intense absorption bands of a number of
nitrogenous chemical compounds (N2O, NO, (CN)2, HCN, etc.), which are of great interest
for industrial gas analysis and the detection of some explosive and dangerous substances [5].
It is known that the use of quantum dots (QDs) in the active region of laser diodes increases
the quantum efficiency and the operating temperature of these devices [6]. This opens up
great opportunities for improving the design of mid-infrared optoelectronic devices. In
contrast to well-studied wide-gap systems such as InAs/GaAs and InSb/InP, the energy
band diagram of the narrow-gap InSb/InAs heterostructure exhibits a type II broken-gap
heterojunction at each QD/matrix layer interface [7]. This specific feature of the InSb/InAs
nanoheterostructures raises the question of identifying radiative transitions assisted by
quantum dots. Recently, the photoluminescent (PL) properties of heterostructures based on
the InSb QD layers inserted into the n-InAs matrix were studied [8]. A long-wave radiation
was detected in the spectral range of 4–5 μm (0.25–0.3 eV) at low temperatures due to re-
combination transitions involving quantum dot eigenstates. The electroluminescence (EL)
study was performed for heterostructures based on a single layer of the InSb QDs buried
in the p-InAs matrix [9]. The EL spectra displayed positive luminescence when forward
bias was applied and negative luminescence when reverse external bias was applied to
the structure under study in the temperature range of T = 77–300 K. Interband radiative
recombination caused by the lightly doped p-InAs bulk was observed at both biases. Only
a small contribution of interface-induced luminescence indicated the presence of the InSb
QDs. In our current work, we present the results of the study of electroluminescence owing
to radiative transitions involving quantum dot eigenstates. To fulfill this purpose, type II
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broken-gap heterostructures with a single layer of the InSb QDs located directly on the
interface of the p-InAs/n-InAs junction were manufactured.

2. Materials and Methods

Narrow-gap heterostructures containing one layer of InSb QDs embedded in the InAs
matrix were obtained using a combined epitaxial growth technology. The samples under
study were grown on p-InAs(001) substrates doped with an acceptor impurity (Mn) to a
hole concentration of p300~1017 cm−3 at T = 300 K. At the first stage of the heterostructure
fabrication, the InSb QDs array was deposited on the p-InAs substrate by means of liquid-
phase epitaxy (Figure 1a). The technique used for the QDs growth and study on their
structural properties in the InAs/InSb system were reported elsewhere [10,11]. Arrays of
QDs in the surface density range of 0.5–2 × 1010 cm−2 with a step of 2 × 109 cm−2 were
obtained. The layer of InSb QDs was further overgrown with an epitaxial layer of indium
arsenide using metal-organic vapor phase epitaxy (MOVPE). The n-InAs capping layer
was intentionally undoped. It exhibited n-type conductivity with an estimated residual
electron concentration of n300~6·1016 cm−3 at T = 300 K. The presence of the InSb QD arrays
buried in the InAs matrix formed was confirmed by transmission electron microscopy
investigations (Figure 1b). None of the structures obtained exhibited luminescence from
QDs, except for samples with a limiting density of 2 × 1010 cm−2. Therefore, the two most
typical representatives from the whole series of samples were selected for the EL study (see
Table 1). Additionally, the p-InAs/n-InAs structure (without the QD layer) was chosen as a
test sample (see sample A in Table 1). It was obtained together with samples B and C in
a single MOVPE process. Because epitaxial overgrowth was carried out using undoped
compounds, it is possible to almost exclude the diffusion of the acceptor impurity across
the p-InAs/n-InAs heterointerface from the p-InAs part of the matrix into the n-InAs layer
being overgrown. Thus, a metallurgical p-n junction was formed inside the InAs matrix, at
the interface of which the InSb QDs layer was located (see sample B and C in Table 1).

Figure 1. (a) AFM image of the InSb QD arrays on a surface of the InAs matrix with density
nQD = 2 × 1010 cm−2. (b) TEM image of a cross-sectional view of the InAs/InSb QDs/InAs het-
erostructure. Light contrast is the position of the InSb QDs layer.

Table 1. Heterostructures with QDs obtained by combined epitaxial technology.

Sample Epitaxial Structure QDs Surface Density(nQD)

A p-InAs/n-InAs -
B
C

p-InAs/InSb/n-InAs
p-InAs/InSb/n-InAs

0.7 × 1010 cm−2

2.0 × 1010 cm−2

Samples for EL studies were performed as mesa diodes of 500 × 500 μm in size with
a wide contact to the substrate side and a point contact to the upper epitaxial layer. A
round mesa fabricated by standard photolithography and selective wet chemical etching
had the diameter of D~300 μm; whereas, the point contact diameter was d~50 μm. The
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studied mesa diodes were mounted on the TO-18 package and located with a substrate
side to the metal case. In this design, the radiation emerging from the structure was
detected from the side of the capping epitaxial layer. The EL spectra were recorded using
an automated setup based on a DK-480 monochromator (CVI Laser Corp., Albuquerque,
NM, USA) with a diffraction grating of 150 lines/mm, an InSb photovoltaic detector cooled
by liquid nitrogen (Judson Co, Montgomeryville, PA, USA), and an SR-810 lock-in amplifier
(Stanford Research Systems Inc., Sunnyvale, CA, USA). The samples were supplied by
rectangular current pulses with a duty cycle of η = 50% and a frequency of f = 512 Hz, both
with forward and reverse external bias. The forward bias corresponds to the case where
the positive potential was applied to the p-InAs substrate; whereas, the negative one was
applied to the upper n-InAs layer. Therefore, reverse bias has the opposite configuration of
polarities. The pulse amplitude of the driving current (i) was varied from 20 mA to 200 mA.

To analyze the obtained EL spectra, preliminary calculations of the band energy dia-
grams of the heterostructures studied in the experiment were carried out. Estimation of the
energy spectrum of quantum-size structures was performed using available resources [12].
For instance, a single InSb QD can be represented as a narrow one-dimensional potential
well with a set of localized levels (Figure 2a). This makes it possible to determine the
energy levels for electrons and holes depending on the well width, material compositions
and parameters of adjacent semiconductor compounds. It can be seen from the figure that
the ground hole level of the InSb QD (μh) is situated in energy above the bottom of the
conduction band of the InAs matrix layer due to the peculiarity of the type II broken-gap
heterojunction in the InSb-InAs system. As was shown in [13], structural crystalline defects
in indium arsenide can create acceptor states (IS) on the surface of a semiconductor.

Figure 2. (a) Schematic energy band diagram of the type II InAs/InSb/InAs heterostructure with
a layer of QDs. p-InAs/InSb QDs/n-InAs heterostructure under external forward (b) and reverse
(c) bias. IS—the level of surface states at the interface InAs/InSb; μe and μh are the ground electron
and hole states of the InSb QD, respectively.

3. Results

EL spectra at room temperature displayed similar features for all structures un-
der the study on forward bias applied (Figure 3a). The typical EL spectrum contained
one pronounced emission band with an intensity maximum near hν300(+) = 0.36 eV and
FWHM = 48 meV, which corresponded to interband radiative transitions in the bulk of
indium arsenide [14]. Additional emission bands can be distinguished near hνIS = 0.31 eV
as a shoulder on the low-energy slope of the main EL band. At forward bias (Figure 2b),
potential barriers near the InAs/InSb interface appear on the moving path of electrons
in an external electric field from the populated conduction band of n-InAs to the unfilled
conduction band of p-InAs. These barriers are induced by the QDs energy band structure
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and interface states at the heteroboundary between the matrix layers. It should be em-
phasized that no other radiative recombination transitions involving impurity states with
an activation energy of less than 30 meV were detected, which can be explained by the
depletion of shallow levels due to their thermal warming at T = 300 K.

Figure 3. EL spectra obtained for p-InAs/n-InAs (dashed line) and p-InAs/InSb/n-InAs (solid line)
heterostructures. The measurements were performed at forward (a) and reverse (b) biases, T = 300 K,
and driving current i = 50 mA.

At reverse bias (Figure 2c), the shapes of the EL spectra at room temperature for
samples with and without QDs were radically different from each other (Figure 3b). The
EL spectrum for the p-InAs/n-InAs structure showed an emission band in the vicinity
of hν300(−) = 0.36 eV, reversed in phase by 180◦ relative to the zero-intensity level, i.e.,
negative luminescence was observed in the bulk of p-InAs [9,15]. Together with this band,
a weak peak of positive EL was found at photon energy hνIS = 0.31 eV. Contrary to sample
A, the heterostructures with InSb QDs (p-InAs/InSb/n-InAs) demonstrated exclusively
positive luminescence. Note that these EL spectra contain only one emission band and
exactly with an intensity maximum in the vicinity of the photon energy of 0.31 eV. Radiation
in the range of photon energy close to the InAs band gap was not detected for samples
B and C at all. The space charge region is shunted by the ohmic contact of the type II
broken-gap heterojunction due to the fact that the hole levels of the InSb QD are situated in
energy above the conduction band of the InAs matrix layers. The main drop in external
bias can be expressed as a linear slope in the region of the flat energy bands in the InAs
layer that provides conditions for the free movement of electrons to the unfilled conduction
band of the n-InAs and further to a metal contact without any potential barriers in their
path. In this way, the process of extraction of charge carriers from the depleted regions can
be significantly suppressed. A similar effect of negative luminescence suppression was
recently observed for heterostructures with an ultrathin oxide layer separating the surfaces
of two contacting semiconductors, which are forming a type II broken-gap heterojunction
under conservation of the levels of localized states on the surface of indium arsenide [16].
Thus, radiative recombination transitions are realized with the participation of the interface
level (IS) for any direction of the injection current (both forward and reverse biases) that is
expressed in the presence of an emission band with unchanged polarity in the EL spectrum.
Therefore, the hνIS emission band observed at room temperature can be ascribed to radiative
transitions involving the surface states at the p-InAs/n-InAs heterointerface which are
placed 50 meV above the top of the InAs valence band.

As the temperature is lowered to T = 77 K, the contribution of radiative recombination
transitions with the participation of impurity states in p-InAs, which have an activation
energy greater than the energy of thermal level smearing (kT77~6 meV), becomes notice-
able. The EL spectra for all the studied samples contained two distinct emission bands
hν77 = 0.408 eV and hν77

A = 0.376 eV upon application of forward external bias (Figure 4).
The high-energy band (hν77) can be attributed to interband radiative transitions in InAs [14].
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The energy distance of the low-energy band hν77
A from the high-energy band was 32 meV,

which points to radiative recombination transitions associated with impurity acceptor states
of Mn situated in the forbidden gap of InAs [17]. Furthermore, the presence of an additional
emission band is assumed, which can be revealed as a shoulder on the low-energy slope
of the EL spectrum with an emission maximum near 0.35 eV. We suppose that it can be
ascribed to radiative transitions involving interface states (Δhν77(IS)~58 meV).

Figure 4. EL spectra obtained for different values of the driving current (i = 20, 30, 40, 50, 75 and
100 mA) at forward bias applied at T = 77 K: (a) for samples A and B; (b) for sample C.

The EL measurements revealed different behavior in intensity of the emission bands
with increasing driving current for the samples under study depending on the surface
density of the InSb QDs at the p-n junction interface. For sample A (without QDs) and
sample B (with a low concentration of QDs), the dominance of the emission band hν77

A was
retained over the entire range of driving currents (Figure 4a). For sample C (with a high
concentration of QDs), a redistribution of intensity between the EL bands was observed,
when the dominance of the low-energy band hν77

A at low injection levels (i < 50 mA)
was replaced by the advantage of the high-energy band hν77 at higher injection levels
(Figure 4b). In this case, the current dependence of EL intensity for the hν77 band that
occurred by interband radiative transitions in indium arsenide was changing within equal
range for all samples. In other words, an increase in the surface density of nano-objects at
the interface led to a decrease in the contribution of radiative transitions involving impurity
acceptor states of p-InAs to the total EL spectrum. According to the energy diagram
shown in Figure 1b, the appearance of a space charge region on the p-InAs side near the
heterointerface prevents electrons from penetrating into the region of flat bands, where
radiative recombination with the participation of impurity levels takes place.

When reverse bias was applied to the heterostructures under study, the EL spectra
at T = 77 K showed no emission band corresponding to interband transitions in InAs
(Figure 5), as well as at room temperature performance. This characteristic feature of EL
behavior at low temperatures was previously observed for heterostructures with the InSb
QDs layer at the type II broken-gap InAs/InSb heterointerface in the p-InAs matrix, where
interband transitions began to manifest themselves as a negative luminescence at high
pump levels only [9]. The main emission band (hνIS+Channel) in the EL spectra recorded
at reverse bias had an asymmetric shape with a sharp high-energy edge and exhibited a
“blue” shift; i.e., the spectral position of the EL peak was shifting towards higher photon
energies with an increase in driving current (Figure 6).
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Figure 5. EL spectra of p-InAs/InSb/n-InAs heterostructures with InSb QDs ((a) sample B and
(b) sample C), measured at reverse bias at T = 77 K.

Figure 6. Dependence of the spectral position of the EL bands on the driving current at the reverse
bias applied at T = 77 K (filled symbols). For comparison, the dependence of the band hνA is shown
when the forward bias has been applied (open squares).

Different behavior should be distinguished between the “blue” shift for each depen-
dence of the EL emission band on the current. A linear dependence of the hνIS+SL(i) band
for sample A was observed in the photon energy range from 0.345 eV to 0.358 eV in the
current interval i = 50–150 mA (Figure 6, filled squares). Comparing the energy band
diagram of sample A at reverse bias (not shown) and the photon energy range in which the
shift of the band hνIS+SL was observed, one can estimate the energy position of the interface
level IS at low temperature. It turns out that the linear “blue” shift observed in the EL
spectra for sample A is the result of radiative transitions from shallow impurity levels (SL)
formed by natural structural defects in the n-InAs capping layer to the interface level IS.
Then, an increase in the reverse bias will cause a gradual depletion of the donor levels in
n-InAs near the heterojunction. According to our estimates, the level IS was approximately
50 meV above the top of the InAs valence band at a low temperature (T = 77 K), which is in
good agreement with the experimental data obtained at room temperature (see above).

Note also that both dependences hνIS+channel(i), which describe the “blue” shift for
samples with QDs, demonstrated non-linear behavior and saturation at high pumping. The
specific shape of these dependences was determined by the surface density of nano-objects
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at the InAs/InSb heterointerface. For sample C, with a high concentration of the InSb
QDs at the interface (nQD2 > 1010 cm−2), luminescence began to appear at a photon energy
hIS+channel = 0.366 eV (Figure 6, filled circles). In this case, the range of motion of the given EL
band from the high-energy side was limited by the value of the radiative transition energy
hνA = 0.376 eV (Figure 6, open squares). In contrast to samples A and C, the curve ascribed
to sample B, with a low concentration of QDs at the interface (nQD < 1010 cm−2), occupies
an intermediate position, representing the result of a superposition of the two extreme
cases considered (Figure 6, filled triangles). For this sample, the onset of luminescence was
recorded at hIS+channel = 0.348 eV, and the “blue” shift was saturated at a photon energy of
0.37 eV.

4. Discussion

This section will consider the emergence of the band hνIS + channel and discuss its
behavior. When reverse bias has been applied to the heterostructures with InSb QDs
(samples B and C), a potential well on the p-InAs side near the InAs/InSb interface emerged
as a result of bending in the conduction band (Figure 2c). A 2D-electron channel is formed
at the p-InAs/InSb heterojunction under increasing the external electric field due to the
filling of the potential well with electrons [18]. Then, there is the possibility of radiative
recombination transitions from the quasi-Fermi level (EFp) states of the electron channel to
the interface states IS [19]. The quantum energy of such transitions can be described by the
following expression

hνIS+channel = EIS + EFp, (1)

where EIS and EFp are the energy of the interface level and Fermi level position relative to
the bottom of the InAs conduction band, respectively. With a further increase in the external
bias and, consequently, the filling of the electron channel, the EFp level is shifted upward
in energy that will be expressed in the "blue" shift of the EL band corresponding to these
transitions. The subsequent saturation of the observed shift with increasing driving current
is explained by the fact that the filling of the electron channel continues until electrons
leak through the potential barrier formed by the band gap of the InSb QD. An additional
current flow channel is formed already with the participation of the QD electron states.
Accordingly, samples with various QD concentrations at the interface demonstrate different
saturation levels of the “blue” shift of the EL bands (see Figure 6).

The appearance of the additional current flow channel upon application of a reverse
bias enables filling of the eigenstates in the InSb QDs. Therefore, the EL spectra at low
temperatures can contain the emission band corresponding to recombination transitions
between localization levels in a quantum dot. The photon energy of such transitions can be
estimated as

hνQD = EQD + δEQD + μh + μe, (2)

where EQD is the band gap of the InSb binary compound, δEQD is the deviation in the band
gap of InSb due to internal compression strain in the InSb QD, μe and μh are the energies of
the ground electron and hole levels of the InSb QD, respectively. The EL spectra of sample
C exhibited the emission band in the region hνQD = 0.270 eV with a half-width of about
60 MeV (Figure 5b). Note that a sharp dip at the low-energy edge of the EL spectrum near
a photon energy of 0.29 eV is associated with the absorption of optical radiation by CO2
molecules (λ = 4.27–4.29 μm) present in the laboratory atmosphere [3,5].

The spectral position of the hνQD band agrees well with the experimental data ob-
tained by measuring the PL spectra at T = 77 K for structures with InSb QDs in an InAs
matrix grown by molecular beam epitaxy [8]. It should be emphasized that the men-
tioned PL band was recorded only for structures with a surface density of nano-objects of
nQD > 2·1010 cm−2. Because the intensity of EL radiation induced by transitions between
localized levels in QDs also depends on the concentration of nano-islands, the band hνQD
was not detected for samples with lower surface density of the InSb QDs (Figure 5a). In the
EL spectra of sample C recorded at T = 300 K, the corresponding EL band was not observed
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either (Figure 3b). This was caused by the fact that the presented measurements were
carried out using an InSb photovoltaic detector with a long-wavelength cutoff λ = 5.3 μm
that did not allow the recording of luminescence with a photon energy less than 0.23 eV.
Attempts to obtain electroluminescence in heterostructures with InSb QDs in an InAs-based
matrix were undertaken by other scientific groups; however, the low surface density of
nano-objects prevents interpretation of the observed emission band with a photon energy
near 0.37 eV as radiative recombination involving the states of InSb QDs [20]. It is highly
likely that the claimed EL band is due to the participation of surface levels at the InAs/InSb
heterointerface.

5. Conclusions

Thus, the EL spectra with participation of the eigenstates of InSb QDs placed in a
narrow-gap matrix based on InAs compounds was observed for the first time. Narrow-
gap heterostructures containing a single InSb QD layer embedded in the p-InAs/n-InAs
junction were obtained using a combined epitaxial growth technology. Type II broken-gap
p-InAs/InSb/n-InAs heterostructures exhibited radiative recombination in the bulk of
indium arsenide and interface luminescence involving surface states at the InAs/InSb
heterointerface at forward external bias in a wide temperature range. The observation
of EL with the participation of the eigenstates of InSb QDs is possible under reverse
bias applied when the QD states are filled from the 2D-electron channel at the type II
broken-gap heterointerface.

Author Contributions: Conceptualization, K.M. and Y.P.; methodology, K.M.; software, E.I.; valida-
tion, K.M., E.I. and Y.P.; formal analysis, K.M.; investigation, E.I. and Y.P.; resources, E.I. and Y.P.;
data curation, E.I. and Y.P.; writing—original draft preparation, K.M.; writing—review and editing,
K.M. and E.I.; visualization, E.I. and Y.P.; supervision, K.M.; project administration, K.M.; funding
acquisition, K.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to P.A. Dement’ev and V.N. Nevedomsky for performing
AFM and TEM studies, respectively. The data were obtained using the equipment of the Joint Research
Center “Material science and characterization in advanced technologies”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schiff, H.I.; Mackay, G.I.; Bechara, J. Air Monitoring by Spectroscopy Techniques; Sigrist, M.W., Ed.; John Wiley and Sons: New York,
NY, USA, 1994; p. 560.

2. Wang, C.; Sahay, P. Breath Analysis Using Laser Spectroscopic Techniques: Breath Biomarkers, Spectral Fingerprints, and
Detection Limits. Sensors 2009, 9, 8230–8262. [CrossRef] [PubMed]

3. Hudson, R.D. Infrared System Engineering; John Wiley and Sons: New York, NY, USA; London, UK; Sydney, Australia, 1969; p. 642.
4. Romanov, V.V.; Ivanov, E.V.; Pivovarova, A.A.; Moiseev, K.D.; Yakovlev, Y.P. Long-wavelength LEDs in the atmosphere trans-

parency window of 4.6–5.3 μm. Semicond. 2020, 54, 253–257. [CrossRef]
5. Pierson, R.H.; Fletcher, A.N.; Gantz, E.C., St. Catalog of Infrared Spectra for Qualitative Analysis of Gases. Analyt. Chem. 1956, 28,

1218–1239. [CrossRef]
6. Zhukov, A.E.; Maksimov, M.V.; Kovsh, A.R. Device characteristics of long-wavelength lasers based on self-organizing quantum

dots. Semiconductors 2012, 46, 1249–1273.
7. Wei, S.H.; Zunger, A. InAsSb/InAs: A type-I or a type-II band alignment. Phys. Rev. B 1995, 52, 12039–12044. [CrossRef]

[PubMed]
8. Karim, A.; Gustafsson, O.; Hussain, L.; Wang, Q.; Noharet, B.; Hammar, M.; Anderson, J.; Song, J. Characterization of InSb QDs

grown on InAs (100) substrate by MBE and MOVPE. Proc. SPIE 2012, 8439, 84391J.
9. Parkhomenko, Y.A.; Ivanov, E.V.; Moiseev, K.D. Specific features of electroluminescence in heterostructures with InSb quantum

dots in an InAs matrix. Semiconductors 2013, 47, 1523–1527. [CrossRef]

26



Electronics 2023, 12, 609

10. Bert, N.A.; Nevedomsky, V.N.; Dement‘ev, P.A.; Moiseev, K.D. TEM-study of free-standing self-assembled InSb quantum dots
grown on InAs-rich surface. Appl. Surf. Sci. 2013, 267, 77–80. [CrossRef]

11. Moiseev, K.D.; Parkhomenko, Y.A.; Nevedomsky, V.N. Uniform InSb quantum dots buried in narrow-gap InAs(Sb,P) matrix. Thin
Solid Films 2013, 543, 74–77. [CrossRef]

12. Available online: http://www.matprop.ru/levels (accessed on 22 November 2022).
13. Bunin, V.A.; Matveev, Y.A. Electronic structure of an anion vacancy in indium arsenide. Sov. Phys. Semicond. 1985, 19, 2018–2022.
14. Landolt-Börnstein. Numerical Data and Functional Relationships in Science and Technology; Madelung, O., Ed.; Springer: New York,

NY, USA, 1982; Volume 17, p. 642.
15. Grigoryev, M.M.; Alekseev, P.A.; Ivanov, E.V.; Moiseev, K.D. Two-colour luminescence in a single type II InAsSbP/InAs

heterostructure. Semiconductors 2013, 47, 28–32. [CrossRef]
16. Moiseev, K.; Ivanov, E.; Romanov, V.; Mikhailova, M.; Yakovlev, Y.; Hulicius, E.; Hospodková, A.; Pangrác, J.; Šimeček, T. Intense
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Abstract: The important electrochemical measurements of reduced graphene oxide-titanium oxide
(rGO)/TiO2) electrodes for the application of a glucose sensor are reported in the proposed work.
Investigating the sensitivity, stability, and reproducibility of sensor electrodes that were made and
used to evaluate the concentration of glucose in the serum is one of the novel aspects of this work.
This study presents the use of citrus limetta (sweet lime) fruit peel waste to synthesize a green
reduction of graphene oxide (rGO). The rGO/TiO2 composite obtained using the microwave heating
method is applied for measuring the structural and morphological properties by various means. A
conducting fluorine-tin oxide substrate is used to modify the enzymeless glucose sensor electrode.
The electrochemical measurements of rGO/TiO2 sensor electrodes are carried out using the technique
of cyclic voltammetry. The rGO/TiO2 sensor electrode exhibits a high sensitivity of 1425 μA/mM cm2

towards glucose concentration in the range of 0.1 to 12 mM. The sensor was found to be extremely
stable and repeatable with a response time of 5 s along with a minimum detection limit of 0.32 μM of
glucose. The rGO/TiO2 sensor shows relative standard deviation (RSD) of 1.14%, 1.34%, and 1.3%
which reveals its excellent stability, repeatability, and reproducibility respectively. The sensor was
used for glucose level detection in natural blood serum and shows an RSD of 1.88%. which is in good
agreement with the commercial glucose sensor values.

Keywords: cyclic voltammetry; glucose sensor; graphene oxide; microwave heating; phytochemicals

1. Introduction

According to the International Diabetes Federation, the metabolic disorder known as
diabetes has become a major issue for people around the world, affecting millions of people.
This epidemic threatens human health and is one of the most significant contemporary
barriers to long-term social development and economic growth. The ability to accurately
monitor and control individuals’ blood glucose levels is critical for diabetic patients to re-
ceive the proper diagnosis and treatment. To avoid diabetes emergencies like hypoglycemia
(low blood sugar, ≤3 mM), the physiological glucose level must be checked on a routine
basis [1]. Glucose detection has become increasingly important in the fight against diabetes
and in preventing financial loss due to the significant financial cost caused by diabetes and
its serious complications. As a result, for a few decades, developing reliable and low-cost
glucose sensors with excellent sensitivity and selectivity has had enormous social and
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economic importance. Glucose biosensors have been significantly subsidized to monitor
glucose levels in diabetic patients [2]. Many researchers are actively engaged in developing
new biosensors for various applications in various disciplines since Clark and Lyons first
proposed the concept of enzymatic electrodes in 1962. Enzymatic sensors confirmed good
sensitivity and stability but demonstrated a few drawbacks like poor reproducibility, com-
plex mobility, etc. [3,4]. Though enzymatic sensors have certain advantages, commercial
applications are mitigated on account of their high manufacturing cost [5]. Non-enzymatic
glucose sensors are a solution created in response to these limitations [6].

All candidate materials for the electrocatalyst in glucose detection, including metal
oxide, carbon materials, polymers, graphene metal, graphene oxide materials, etc., have
distinguished themselves [7]. Graphene is a two-dimensional material made up of a
single layer of carbon atoms in a hexagonal lattice. It has received considerable attention
due to its unusual physical, optical and electrical properties. It is the world’s thinnest
and toughest material, with exceptional electrical and thermal conductivity. Graphene is
synthesized using a variety of methods, including micromechanical cleavage, chemical
vapor deposition, epitaxial growth on silicon carbide liquid-phase exfoliation, graphene
oxide reduction by various reducing agents, and graphite intercalation [8]. It is astonishing
mechanical [9], thermal [10] and electrical [11] properties have captivated tremendous
attentiveness. Reducers such as hydrazine or sodium borohydride are typically envisaged
during the chemical preparation of GO [12,13]. These reducing agents have some instinctive
disadvantages such as expensive and highly toxic. Moreover, the Van der Waals forces
among the graphene layers produce an irreversible aggregation of GO [14].

In the case of green reduction, a study of suitable phytochemicals as reducing agents
is necessary. Additionally, a green reduction is a simple, eco-friendly, and cost-effective
method. In light of this motivation, the work that is being proposed provides an environ-
mentally friendly reduction of GO using Citrus limetta (sweet lime/Mosambi fruit waste)
and TiO2 electrodes for electrochemical glucose sensing that does not require enzymes.
Green reduction and bio-synthesis routes are employed to overcome the adverse effects of
hazardous substances, where phytoextracts or bacteria microorganisms play eco-friendly
(for reduction) and capping agent roles [15–17]. A germ-free environment is necessary to
grow micro-organisms, and also expertise is needed in this process. The reduction of GO
can be done using citrus plant extract, which has a slower reaction rate to control the crystal
growth. In the past, the green synthesis of reduced graphene oxide (rGO) has been studied
using several plants and fruit extracts [18]. The green nature, low cost, and easy local
availability of plant extracts and fruit wastes make them suitable for reduced graphene
oxide. Citrus limetta is the primary natural source of vitamin C and an energy booster [19].
Fruit peels of sweet lime are a waste to the juice industry, an important source of phyto-
chemicals like flavonoids, pectins, carotenoids, hesperidin, terpineol alkaloids, essential
oils, d-limonene, and extraordinary antioxidants as well as antibacterial properties [20].
Graphene obtained via the green reduction process can be functionalized with metal oxides
for various applications including electrochemical supercapacitors, batteries, fuel cells,
magnetic data storage, water splitting, chemical sensors, water filters, dye removal, and
dye-sensitized solar cells, etc. [21–24].

In the present study, citrus limetta was chosen as a reducing agent for the synthesis
of rGO because it has a small effect on the environment and doesn’t have any harmful
biological reactions that could happen. The soxhlet extraction method is preferred due
to its simplicity and effectiveness in collecting sweet lime peel extract. Functionalized
graphene with some metallic oxide revealing extraordinary sensing properties is familiar
for a long [25]. The electrochemical deposition method adopted by Luo et al. to produce
graphene and CuO nanocubes [26]. The rGO obtained by Yang et al. using the chemical
reduction method demonstrated excellent sensitivity and selectivity of 4 mM and 7.5 mM
linear ranges y [27]. Komathi et al. presented the development of electrochemical biosen-
sors by functionalizing titanium dioxide (TiO2) nanowires/graphene as nano-stocks [28].
According to these findings, the graphene-based metal/metal oxide nanoparticles endow
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good sensitivity, a wide linear range, and a low detection limit with good selectivity. Hence,
the rGO/TiO2 composite has been selected as a sensor electrode in the proposed work
and used as an enzyme-free biosensor to detect glucose concentration efficiently using
a cyclic voltammetry (CV) test. Moreover, very little literature on green synthesis of the
rGO/TiO2-based biosensors is available is familiar. The as-fabricated glucose biosensor
is also used to investigate glucose levels in the existence of obstructing substances in real
blood serum.

2. Materials and Methods

2.1. Materials

All the chemicals used were of the analytical grade, meaning they were of the highest
purity. Graphite powder (98%), KMnO4 (99%), NaNO3 (98%), H2O2 (30%), H2SO4 (99.99%),
HCl (30%), H3PO4 (85%), KCl (99.99%) and NaCl (99%) TiO2 (99.9%), etc., were obtained
from Finar chemicals (India). Qualigens fine chemicals in India provided polyvinyl alcohol
(PVA, 99%), ethanol, Fluorine-doped Tin Oxide (FTO) substrates, D (+) glucose, dopamine,
L-ascorbic acid, D (-) fructose, and lactose, phosphate buffer solution (PBS) was prepared
according to AAT Bioquest, Inc. [29] and sweet limes were bought from a local market.

2.2. Preparation of GO

A modified Hummer method was used to synthesize GO [30]. Briefly, the concentrated
H2SO4 and H3PO4 were mixed in a 9:1 proportion in a round bottom flask, followed by
graphite powder and NaNO3 in a 2:1 proportion. To achieve the desired result, it was
necessary to stir the mixture at 100 ◦C continuously for an hour before adding the KMnO4.
Adding H2O2 to the mixture served the purpose of oxidation, resulting in the formation of
a yellow-colored product. SO4

2− is completely removed from the sample by repeatedly
washing with 5% HCl and deionized (DI) water, followed by centrifugation (4000 rpm).
After nearly 24 h of drying at 60 ◦C, the resultant product (GO) was obtained which was
collected for the next processes.

2.3. Preparation of Aqueous Phytoextract

Fresh sweet limes were purchased from a local market and cleaned using DI water.
The citrus limetta fruit waste, such as peel, was cut into small pieces with a domestic cutter.
In soxhlet extraction, 15 gm of finely cut peels were placed in a thimble of soxhlet tube,
and the DI water was used as the solvent. During condensation, solutes are moved to the
reservoir for repeated cycles. The system was cooled for 10–12 h and then the collected
extract was preserved at 4 ◦C for further use.

2.4. Mechanism of Reduction of GO by Citrus Limetta Phytoextract

Citrus Limetta phytoextract can reduce GO by utilizing the oxidized products found
in sweet lime fruit peel. These oxidized products include flavonoids, polyphenols, tan-
nis, terpenoids, and saponins, among others. These phytochemicals show high binding
linkage towards O2- containing functionalities to produce their respective oxides and
water molecules. Flavonoid compounds are reduced to the phenolic hydroxyl groups.
While reacting with the O2- containing groups, the phenolic hydroxyl group may release
water molecules on GO sheets. GO contains reactive, hydroxyl, epoxide, and reactive
carbonyl species. As shown in Figure 1, acidic polyphenols in the aqueous GO and Citrus
Limetta phytoextract were combined, ultra-sonicated, and refluxed at 95 ◦C. Through
a nucleophilic reaction, epoxide fraction and phytoextracts could react with each other.
This caused the carbon-oxygen bond to break. Carbonyl and hydroxyl groups in polyphe-
nols could be attacked by nucleophiles in the same way, which would destroy water
molecules. GO is changed into rGO in this process, which makes graphene, which is a
stable black compound.
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Figure 1. Mechanism of green reduction of GO and rGO/TiO2/FTO for glucose sensing application.

2.5. Reduction of GO Using Aqueous Citrus Limetta Peel Extract

Briefly, 100 mg GO (0.1 mg/mL) was disseminated in ultrapure water by probe
sonication for 40 min. The GO solution was mixed with 5 wt.% of 10 mL of aqueous sweet
lime fruit extract. The solution’s composition was refluxed at 98 ◦C for 8 h until it turned
brown-black. The supernatant (rGO) was repetitively washed with DI water which was
centrifuged at 4500 rpm, followed by drying at 100 ◦C in the oven.

2.6. Synthesis of rGO/TiO2 Nanocomposite

The rGO/TiO2 composite was prepared using microwave treatment. A fine powder
of rGO and TiO2 in a 2:1 ratio was dispersed in DI water. After sonication, the mixture
was stirred. The compound was kept at 300 ◦C for 15 min in a microwave (500 W).
Finally, the rGO/TiO2 nanocomposite dry powder was collected. First, 10 mg of rGO/TiO2
nanocomposites were mixed with 5 mL of DI water and 5 μL of PVA and sonicated in a
bath for 30 min. Then, 10 μL of the mixture was drop-cast onto a clean conducting FTO
substrate. The working area of the electrode was 1 cm2. The as-prepared electrode was
annealed to remove the binder at a temperature of 250 ◦C for 1 h. A three-electrode setup
consisting of a working electrode made of rGO/TiO2/FTO, a reference electrode made of
Ag/AgCl, and a counter electrode made of platinum was used to conduct electrochemical
measurements for glucose detection.

2.7. Glucose Sensing through rGO/TiO2

For rGO/TiO2 nanocomposite preparation, in-situ thermal reductions of rGO and
TiO2 were developed. The epitaxial growth process was used to prepare TiO2 nanobelts.
Using Phosphate-Buffered Saline (PBS) as an electrolyte, the glucose sensing performance
of the rGO/TiO2/FTO modified electrode was evaluated. When glucose dissolves in
PBS, D-gluconolactone and hydrogen peroxide are produced (H2O2). Electro-oxidation
of glucose at TiO2 grain boundaries also produces D-gluconate with H+ ions. As a result,
gluconolactone is the primary product of the oxidation process that hydrolyzes gluconic
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acid. By releasing electrons, lowering the barrier potential between successive grains, and
increasing electrical conductivity, H+ ions reduce pre-absorbed oxygen [31].

Glucose + O2 → H2O2 + gluconic acid (1)

2.8. Characterization Techniques

The as-synthesized GO, rGO, and rGO/TiO2 sample products were analyzed using a
Bruker D8-Advanced Diffractometer with Cu Kα radiation (λ = 0.154 nm) from 5◦ to 85◦
at a scanning rate of 2◦/min for structural elucidation. Field Emission Scanning Electron
Microscopes (FE-SEM): FEI Nova Nano SEM 450 was used to examine the surface mor-
phology and elemental composition of GO, rGO, and rGO/TiO2 samples. A Micro-Raman
spectrometer (Jobin-Yuon HR 800 UV) with a He–Ne (633 nm) laser excitation source was
used to conduct the Raman analysis. The multifunctional X-ray photoelectron spectroscopy
(XPS) was used to perform XPS analysis on GO and rGO (PHI ulvac probe III Scanning
Microprobe). The Fourier-transform infrared spectroscopy (FTIR) study was conducted
using an FTIR-6100 spectrometer (JASCO) in transmission mode in the wavenumber range
4000–400 cm−1.

3. Results and Discussion

3.1. Structure Elucidation Confirmation

The crystal structures of the GO, rGO, and rGO/TiO2 were characterized and con-
firmed using X-ray diffraction spectra, respectively. As shown in Figure 2a, the reflection
peak obtained at 11.8◦ indicates the presence of oxygen functionalities on the GO surface,
which has an interlayer basal spacing of 7.4 Å, suggesting the presence of oxygen func-
tionalities on the GO surface (0 0 2). The spacing between the graphite grains was 3.36 Å.
There could be several oxygen-containing groups on the edges of each layer in the first
one, which eventually would have increased the distance between them. A broad peak
around 25.17◦ was assigned to the (0 0 2) basal plane of rGO with a separation of 0.37 nm.
The fall in basal space and broad peak at 24.7◦ suggested that GO was transformed to rGO.
The prior XRD patterns of rGO/TiO2 confirmed peaks at 25.3◦, 37.8◦, 48.0◦, 53.8◦, 55.0◦,
62.6◦, and 68.8◦, for the (1 0 1), (0 0 4), (2 0 0), (1, 0 5), (2 1 1), (2 0 4), and (1 1 6) reflection
planes), respectively of anatase TiO2 (JCPDS#21-1272 [32]. The narrow and sharp peaks
confirmed a high degree of crystallinity of rGO/TiO2, supporting an easy electron transfer
in an electrochemical reaction. Nevertheless, there were no broad peaks corresponding
to rGO in the rGO/TiO2 nanocomposites. The rGO surface can be extensively coated on
the TiO2 nanostructures, which has the effect of suppressing XRD signals that are caused
by the stacking of rGO layers [33]. The average crystallite size (D) calculated using the
Debye-Scherrer formula is as follows,

D = (0.9 × λ)/(β × Cosθ) (2)

where, λ is a wavelength of Cu Kα radiation of 1.54 Å, and β is the full width of the
diffraction peak at the half maximum at Bragg diffraction angle 2θ. Table 1 shows the
XRD results of the rGO/TiO2 nanocomposite. The average crystallite size for TiO2 was
35 ± 2 nm.

The D-bands of GO (black color), rGO (red color), and rGO/TiO2 (blue color) at
1345 cm−1, 1349 cm−1, and 1353 cm−1 were respectively responsible for the obtained peaks
(Figure 2b). They correspond to the structural defects developed by attaching various
functional assemblies with carbon. The peaks at 1593 cm−1, 1598 cm−1, and 1604 cm−1

reflect the G band, which appears due to the primitive scattering of the E2g phonon of sp2

carbon atoms in the same experiment. The wide 2D band of GO with a higher wavenumber
was found at 2917 cm−1, confirming the multilayered nature of GO. The reduction of GO
to rGO using citrus limetta phytoextract, which causes rGO sheets to stack, was predicted
by the two D bands of rGO. Furthermore, the ID/IG ratio was used to measure structural
disorder, which increased slightly from 0.85 to 0.87 as GO was reduced to rGO. The higher
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ID/IG ratio could be assigned to higher structural defects. As a result, defects form in
addition to removing oxide functional groups attached to the GO surface. Despite this, the
ID/IG ratio for the rGO/TiO2 nanocomposite was 0.6. This was assigned to the microwave
heating process during the reduction of sp3 carbon to sp2 carbon, causing the sp2 domain
size of carbon atoms to become decreased [34]. In rGO/TiO2 spectrum, the peaks below
1000 cm−1 may be attributed to the Ag and Bg modes of TiO2. The crystalline size of the
rGO/TiO2 nanocomposite was estimated using Tuinstra- Koening relationship as [35,36],

La =
(

2.4 × 10−4
)
×
(

IG
ID

)
× λ4 (3)

Figure 2. (a) X-ray diffraction, (b) Raman shift, and (c) FTIR analysis spectra of GO, rGO, and
rGO/TiO2.

Table 1. XRD analysis for rGO and TiO2 products.

No
Two Theta

(deg.)
(h k l) Phase

Crystallite Size
(D) ± 2 (nm)

1 20.9 002 rGO 19
2 26.7 101 TiO2 81
3 37.89 004 TiO2 14
4 48.14 200 TiO2 41
5 49.89 105 TiO2 46
6 55.13 211 TiO2 41
7 60.05 204 TiO2 22
8 62.77 116 TiO2 22
9 68.31 220 TiO2 23
10 75.15 215 TiO2 47
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L = crystallite size, λ = wavelength of the laser source, and ID/IG is the Raman peak
intensity ratio of D and G bands, respectively. The nanocomposite’s crystallite size was
found to be 34 ± 2 nm, which agrees well with XRD analysis. The O2 functional groups in
GO were confirmed by the broad O-H stretching vibrational band, C=O, and epoxy group
at 3364 cm−1, 1739 cm−1, and below 1000 cm−1, respectively (Figure 2c). A few absorption
peaks at 2340 cm−1, 1638 cm−1, and 993 cm−1 of C-H stretching, bending vibrations of C=C,
and aromatic =C-H around, respectively, were obtained. For rGO (curve b of Figure 2c), the
peak at 3340 cm−1 changed to broad and less intense than GO, revealing the significant
removal of the hydroxyl group. Also, it was noticed that the other peaks became less intense
compared to the GO at the same location. It could be due to the incomplete removal of O2
functionalities while synthesizing GO using citrus limetta phytoextract. In short, the polar
functional groups support hydrophilic properties and high dispersibility of synthesized
rGO in DI [37]. The peak noted at 677 cm−1 was credited to Ti-O-Ti and Ti-O-C in rGO/TiO2
composite (curve c).

3.2. Morphological Study

The FE-SEM surface micrograph of GO (Figure 3a), synthesized using an improved
Hummer method, clearly demonstrated a two-dimensional sheet-like structure. As GO has
a multiple laminar layer structure the edges of individual sheets are distinguished from
one another in the FE-SEM images. The films are stacked one on top of the other, with
some wrinkles. As per reported literature [38], the thickness of GO sheet was significantly
greater than the thickness of the single-layer graphene. The increase in thickness results
from the oxygen-containing functional groups that were introduced. It can also be noted
that the GO sheets were thicker at the edges [38]. Since the oxygen-containing functional
groups could primarily be combined at the edges of the GO. It is clear from the FE-SEM
images that the GO sheets are firmly suspended in their frames. The FE-SEM image of rGO
(Figure 3b) obtained from GO demonstrates nanosheets’ agglomeration and the irregular
arrangement of stacked crumpled sheets. This could be attributed to the nucleophilic
reaction of flavonoids and polyphenols, which occurred during the synthesis of rGO
and involved the removal of water molecules from carbonyl and hydroxyl groups. The
difference in morphological characteristics between GO’s leafy, stacked structure and rGO
wrinkled structure suggests that the green reduction process has prime importance in GO
to rGO conversion.

The granular shape of TiO2 nanoparticles displayed in Figure 3c is attributed to the
aggregation of nanoparticles during the evaporation process due to microwave heating [39].
The elemental compositions of rGO and rGO/TiO2 were studied using an energy-dispersive
spectrum. Figure 3d depicts carbon (C) and oxygen (O) contents in rGO and titanium (Ti)
in rGO/TiO2. From the EDS analysis, it is evident that the rGO contains around 84.88 at. %
C, 15.12 at. % O whereas rGO/ TiO2 avails about 65.99 at.% C, 28.95 at.% O and 28.95 at.%
Ti, confirming the formation of TiO2 nanostructures on the rGO surface.

3.3. X-ray Photoelectron Spectroscopy Analysis

Figure 4a–c displays the XPS spectrum of the C1s spectrum of GO, rGO, and rGO/TiO2.
The peak in Figure 4a that corresponds to the C1s bands in deconvoluted GO into C-
C, C=O, and C(O)OH bonds, respectively, has binding energies of 284.8, 286.5, and
288.5 eV [40]. When compared to GO, the C=O and C(O)OH bands of the rGO C1s
spectrum show a marked decrease in intensity, indicating that rGO has undergone deoxy-
genation. However, as shown in Figure 4b, after being reduced, the peak oxygen intensity
with functionalities is sharply reduced. These results have demonstrated the decrease in
GO. The C-C, C=O, and C(O)OH bonds, respectively, are ascribed to the peaks with binding
energies of 284.5, 285.4, and 283.7 eV that correspond to the C1s bands in deconvoluted rGO.
The variation in the chemical surrounding of carbon atoms after reduction may cause a shift
in binding energy [41]. Additionally, the surface C/O atomic ratios increased from 2.12 to
5.57, validating the successful removal of O2 groups from the GO surface using aqueous
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peel extract of citrus limetta. In Figure 4c, three peaks found in the C1s deconvoluted
spectrum of rGO/TiO2 are for C-C/C-H sp3 hybridized carbon bonds, C-O bonds, and the
sp2 carbon bonds of graphene (c), respectively.

Figure 3. FE-SEM images of; (a) GO, (b) rGO, (c) rGO/TiO2, and (d) EDS spectrum of rGO/TiO2.

Figure 4. XPS binding energy spectra of C1s spectrum of (a) GO, (b) rGO, and (c) rGO/TiO2.
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3.4. Electrochemical Non-Enzymatic Detection

The electrochemical characteristics of pristine FTO, TiO2/FTO, rGO/FTO, and rGO/
TiO2/FTO samples were investigated using CV scans in a PBS (7.4 pH) solution containing
2 mM D (+) glucose at a scan rate of 50 mV/s and a working area of 1.0 cm2 (Figure 5a).
For FTO, it was found that a faradic peak does not exist. It was noticed that rGO/FTO
had a clearly defined peak for glucose oxidation that occurred at −0.25 V. At −0.25 V, the
TiO2/FTO and rGO/TiO2/FTO oxidation peaks were significantly enhanced. The current
rGO/TiO2/FTO reaction was practically double in comparison to the rGO/FTO response
when the voltage was set to −0.25 V.

Figure 5. (a) CV response of various electrodes, (b) Effect of variable scan rate on rGO/TiO2/FTO
electrode, and (c) Effect of variable glucose concentration on rGO/TiO2/FTO electrode.

Consequently, it is confirmed that the rGO/TiO2/FTO composite is essential for
obtaining increased sensitivity and electrocatalytic activity. A further investigation into the
electrochemical effect on rGO/TiO2/FTO with variable scan rate was carried out using CV
which is illustrated in Figure 5b. The electrode was scanned between 10 and 300 mV/s
in an electrolyte containing 2 mM D (+) glucose using a CV between −0.6 V and +0.6 V.
Regarding current flow, the oxidation that took place at −0.25 V is the most notable. that
the rGO/TiO2 nanocomposite undergoes an electrochemical reaction, demonstrating the
enzyme detection capability. Furthermore, electrochemical measurements were carried out
at the optimal potential of −0.25 V vs. Ag/AgCl, which was optimal.

Figure 5c displays the I-V responses of the modified sensor electrode at a scan rate
of 50 mv/s for a variable glucose concentration in the range of 0.1 to 12 mM in a PBS
electrolyte solution (7.4 pH) (c). The sensor’s current density increases linearly as the
glucose concentrations increase. The rGO/TiO2 composite’s high electrical conductivity,
electron mobility, and electrocatalytic activity are in charge of enhancing the electron
transport process between the sensor electrode and the PBS solution during a redox reaction.
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3.5. Calibration of the Sensor

The calibration curves for various glucose concentration rage are presented in Figure 6.
A calibration curve for glucose concentrations in 0.1 to 12 mM is presented in Figure 6a.
This curve can be divided into two linear glucose concentration ranges: 0.1–1 mM and
2–12 mM, as presented in Figure 6b,c. For the calibration curve (0.1–1 mM), the equivalent
linear regression equations are Ip = 1488.1c + 930.4 and R2 = 0.9862 (N = 4). The sensor’s
sensitivity determined from the slope of the graph is 1425 μA/cm2 (S/N < 3). For the
calibration curve (2–12 mM) the equations are Ip = 498.5c + 1503.7 and R2 = 0.9878 (N = 6).
The sensor’s sensitivity determined from the slope of the graph is 491.75 μA/cm2 (S/N < 3).

Figure 6. Calibration curve for glucose concentration determination using the Glucose liquid color
kit (a) 0.1–12 mM (b) 0.1–1 mM (c) 3–12 mM for different glucose concentration.

3.6. Selectivity and Stability of the Sensor

The proposed biosensor was examined for interfering species in blood serum, includ-
ing ascorbic acid, dopamine, fructose, and lactose. The selectivity of the rGO/TiO2/FTO
sensor electrode is shown in Figure 7a. The sample’s stability (aging effect) tested periodi-
cally for 30 days with a 1 mM glucose concentration, yielding an RSD of 1.14%, is presented
in Figure 7b. For ten cycles, the sensor electrode’s reproducibility was investigated. To
observe the current response of each sensor, 2 mM of glucose concentration was used. The
RSD of 1.3% confirms the significant reproducibility.

3.7. Repeatability of the Sensor

The repeatability of the proposed sensors was examined by measuring the current
response five times over a week. The proposed sensor’s performance is compared to
previously reported values, and the results are tabulated in Table 2. The sensor exhibits
good recovery with an RSD of 1.34%.
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Figure 7. (a) Selectivity and (b) stability of rGO/TiO2/FTO sensor electrode.

Table 2. Comparative analysis on sensitivity, detection limit, and linear range of rGO/TiO2/FTO
glucose sensor.

Electrode
Detection

Potential (V)
Sensitivity

μA/mM1cm2
Linear Range/mM

Detection
Limit/μM

Reference

rGO/TiO2/FTO −0.25 1425 0.1–12 0.32 This work
Nafion/GOx/rGO-
6/ZnONRs/Au/PET −0.8 to +0.8 2.26 11.5 37.5 [42]

Ni Ps/ATP/r-GO 0.0 to −1.5 1414.4 μA 1–710 μM 0.37 [43]
NiCo2O4-rGO – 548.9 1–25 0.35 [44]

rGO/NiO −0.6 6.2 1–15 19.35 [45]
GOx/n-

TiO2/PANI/GCE – 6.31 0.02–6 18 [46]

3D Ag-GR-TiO2 – 12 – – [47]
TiO2–r-GO–PANI – – 10–180 μM 7.46 [48]

3.8. Investigation of Glucose Level in Blood Serum

The glucose concentration level in blood serum samples was determined using the
prepared sensor electrode. The blood serum samples from 40 to 50 years of age were
collected from the certified pathology laboratory. Using the standard dilution method,
these samples were multiplied by 100 before being subjected to analysis. The goal of
the study was to compare the results for the proposed sensor with the certified values
obtained from the pathology laboratory. The experimental data for blood serum glucose
concentration are shown in Table 3.

Table 3. Investigation of glucose in blood serum and its recovery.

Serum
Sample

Glucose Added
(mM)

Glucose
Obtained (mM)

Recovery (%) RSD (%)

1 2.00 1.97 98.5 1.5
2 4.00 3.92 98.8 1.2
3 6.00 5.87 97.5 2.2
4 8.00 7.89 98.6 1.4
5 10.00 9.71 97.1 2.9

The average recovery rate of 98.2% (RSD 1.88%) exhibits the reliability of the proposed
sensor for serum glucose biosensor application.

4. Conclusions

The rGO/TiO2 sensor electrode adduced a high sensitivity of 1425 μA/mM cm2 in the
linear range of 0.1 mM to 12 mM, which is quite good compared with the available literature
data. It shows a quick response time of 5 s, a correlation coefficient (R2) ~0.98, and a LOD of
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0.32 μM. It also presents high selectivity towards the interfering species. The RSD of 1.14%,
1.34%, and 1.3% demonstrate excellent stability, repeatability, and reproducibility of the
sensor respectively. This reveals the use of rGO/TiO2 electrodes for applications involving
glucose sensing. The sensor has an RSD of 1.88% when measuring glucose levels in natural
blood serum. Using a commercially available glucose sensor, the measured values agree
well with those obtained. Moreover, the process used to prepare rGO and rGO/TiO2
composite is simple, rapid, cost-effective, and eco-friendly which has the potential for
commercial/market viability.
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Abstract: In this study, we fabricated a planar Si/PEDOT: PSS heterojunction solar cell using three
different solvents—ethylene glycol, acetonitrile, and dimethyl sulfoxide—to find the best one. The
fabricated samples were characterized by diffuse reflectance spectroscopy, scanning electron mi-
croscopy, X-ray diffraction, and current–voltage. Diffused reflectance spectrum analysis showed
reduced reflectance compared to the bare silicon wafers. The absorbance spectrum shows the change
in absorption of the Si-coated PEDOT: PSS which was more than a 50% increase in the UV region,
and for the EG sample, there was a 20% increase in the entire visible spectrum. This indicates that
the solvent plays a major role in the bandgap between the Si and Si/PEDOT: PSS. Scanning electron
microscope (SEM) was used to examine the surface morphology of Si/PEDOT: PSS as agglomerated,
island-formed surfaces and carbon-layered Si-PEDOT: PSS. Cross-sectional images show the thickness
of the PEDOT: PSS layer on the silicon wafer surface. The X-ray diffraction (XRD) pattern shows
the characteristic peaks for silicon (69.5◦), and Si/PEDOT: PSS shows a forbidden Si (200) peak at
32◦. Current–voltage measurements have shown the characteristic diode curve for all fabricated cells.
This characteristic diode curve indicated the presence of a heterojunction. Ethylene glycol-containing
cells showed current output as 0.2 μA with Voc of 0.2 V.

Keywords: silicon; PEDOT: PSS; heterojunction; reflectance; solar cell; organic solvents

1. Introduction

Solar energy is the only potential renewable energy source that can compete with ex-
isting low-cost thermal power. The solar energy market is dominated by silicon, accounting
for almost 90% of the market share [1]. However, their high cost, high energy-intensive
fabrication techniques, and low payback period still cause them to lag behind other energy
sources. Research has been undertaken to reduce the cost and material usage while simul-
taneously increasing its efficiency. The low efficiency of silicon solar cells is due to their
high reflectance over the surface, sub-bandgap spectrum losses, and high recombination
rate [2]. Two different forms of Si—pure Si, and amorphous Si—were used to build the cells.
However, the use of photovoltaic cells has been limited owing to their high processing costs.
High-purity single-crystal materials and a lack of effective mass-production techniques
have been used to produce thin silicon films. Although single-crystalline silicon solar cells
are the most efficient and advanced of all the cells, they found difficult to implement owing
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to their high cost [3]. Thus, there are alternatives to silicon in the form of thin-film materials
such as cadmium telluride [4], copper indium: diselenide (CIS), dye-sensitized solar cells
(DSSC) [5,6], perovskite solar cells [7], and polymer solar cells. However, these technologies
are immature and require further investigation.

Silicon processing has been considered as a technology development, and research
has focused on the modification of existing conventional silicon solar cells using nan-
otechnology. Organic heterojunction solar cells are the promising alternatives to achieve
high-efficiency and low-cost silicon solar cells. Energy-intensive emitter formation can be
eliminated in the hybrid solar cells (HSC) based on the nanostructures. Emitter junctions
can be processed in a solution and also eliminated the use of additional antireflection layers.
First, planar bulk silicon organic solar cells were fabricated [8–11]. Silicon organic hetero-
junction (SOH) solar cells use organic materials such as poly-(3-hexythiophene) (P3HT) [12],
Spiro-OmeTAD [13], poly-(Si-cyclooctatetrocene) [14], polyaniline [15], 4-Tricyanovinyl-N,
N-diethylaniline [16], and PEDOT: PSS [17–19]. Lin et al. first demonstrated the possibility
of using PEDOT: PSS as a hole-transport layer in a Si/organic hybrid solar cell and achieved
a PCE of 0.008% in a planar configuration [20]. PEDOT: PSS was considered as the hole
transport layer owing to its superior properties such as high transmittance (>90%), high con-
ductivity, good absorption in the visible spectrum, and a favorable bandgap of ~1.6 eV [21].
The HOMO (highest occupied molecular orbital) of PEDOT: PSS and valence band (VB) of
Silicon is nearly similar to ~5.1 eV [20]. He et al. investigated the effect of Si surface termi-
nation conditions on the device performance. Their work proved that oxide-terminated
(SiOx-Si) cells exhibit superior performance compared to the hydrogen-terminated (H-Si)
cells. Hydrogen-terminated cells exhibited 0.002% while oxide-terminated cells showed
10.6% [22] Zhao et al. improved the efficiency of planar Si/PEDOT: PSS cells by 12.70%
by growing a SiO2 layer at the interface of Si and PEDOT: PSS, resulting in a hydrophilic
surface allowing PEDOT: PSS to adhere easily on Si [9]. Avasthi et al. demonstrated an
11.70% efficient planar Si/PEDOT: PSS HSC by spin-coating a PEDOT: PSS layer at the
temperatures below 100 ◦C [11]. Leung et al. demonstrated the effect of a solvent on the
conductivity of the PEDOT: PSS layer. Ethylene glycol (EG) proved to be more efficient in
improving the conductivity [18].

Planar-Si cells with fluorosurfactant (FS) as the surfactant and EG as the co-solvent
exhibited a record with the efficiency of 13.3%. The co-solvent-optimized PEDOT: PSS also
acts as an antireflection coating [18]. Despite the simple fabrication, planar Si/PEDOT: PSS
cells have a high surface recombination rate because the separation of the electron–hole pair
occurs only at the junction, whereas electron–hole pairs in PEDOT: PSS and bulk silicon
are recombined. Moreover, they have a very small PN-junction surface area. To reduce the
material cost, Wang et al. fabricated a planar Si/PEDOT: PSS Solar cell on thin-film with
Si deposited using a thermal chemical vapor deposition reactor (CVD) and achieved an
efficiency of 8.2% [10]. Recently, nanostructures have been incorporated into Si wafers to
enhance light trapping and reduce reflection. Theoretically, SiNW/PEDOT: PSS solar cells
can surpass the efficiencies of commercial crystalline silicon solar cells when a radial p–n
junction is associated between PEDOT: PSS and Si Nanowires [23].

Therefore, the present work aims to fabricate a hybrid solar cell using Si/PEDOT: PSS,
and then analyze the various solvents for dissolving PEDOT: PSS to choose the best one. We
optimized the formation of Si/PEDOT: PSS and analyzed the influence of the spin-coating
speed and annealing temperature of PEDOT: PSS to achieve a radial p–n junction between
Si and PEDOT: PSS to attain the enhanced efficiency.

2. Experimental Details

2.1. Materials

3,4 Poly (3,4-ethylene dioxythiophene) poly (styrene sulfonate) (PEDOT: PSS) was
purchased from Sigma Aldrich; acetone (AR grade) was purchased from MERCK; and
hydrofluoric acid (51%), dimethyl sulphoxide (DMSO), ethylene glycol, acetonitrile, Triton
X-100 was purchased from CDH. All the chemicals were purchased in India.
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2.2. Sample Preparation

In this study, an n-type electronic-grade silicon wafer (100 μm) with a thickness
of 525 μm was used. Before the etching process, the silicon wafers were made to cut
to the desired size of 2 × 2 cm and cleaned using DI water under ultrasonication for
10 min. Furthermore, the oxide layer of the silicon wafers were extracted using H2O:
HF in a volume ratio of 10:1 for 3 min at room temperature. Three different polymeric
solutions were prepared using various solvents: (i) PEDOT: PSS solution (1.3% in H2O) was
prepared using 7% ethylene glycol (EG) and 0.25% Triton-X. (ii) A PEDOT: PSS solution
(1.3% in H2O) was prepared using 5% acetonitrile and 0.25% Triton-X. (iii) PEDOT: PSS
solution (1.3% in H2O) was prepared using 5% DMSO and 0.25% Triton-X. The cleaned
and oxide-removed wafers were dipped into the acetone solution for 5 min to induce
adhesiveness. Subsequently, the wafers were dried and spin-coated with 50 μL PEDOT:
PSS at 3000 rpm for 60 s. The coated wafers were then annealed at 150 ◦C for 30 min. To
improve the adhesive nature of the silicon wafer, a carbon coating was applied to the wafer.
The black camphor smoke was subjected to the falling onto silicon wafers. The silicon
wafers were maintained far above the camphor smoke to maintain the thickness of the
carbon layer. The contacts from the silicon wafers were made with silver paste using the
screen-printing method.

2.3. Instrumentation

The prepared samples were characterized using scanning electron microscopy (SEM)
using a VEGA TESCAN 3 model with a tungsten filament. The diffuse and specular
reflectance properties of the silicon nanostructures were measured in the range from
200 nm to 800 nm using an integrating sphere with 8◦ incidence angle (JASCO V-650
UV–VIS spectrophotometer) to determine the reflection properties. X-ray diffraction was
performed using a RIGAKU SmartLab X-ray diffractometer with a CuKα radiation source
(λ = 1.5406 Å) operated at 30 kV. All the samples were scanned from 20◦ to 80◦ at a scan
rate of 0.02◦/s at the 2θ position at room temperature. The current-voltage characterization
was performed using an AAA-grade PET solar simulator with a Keithley 4200 source meter
with an air mass of 1.5 (AM 1.5, 100 mW/cm2).

3. Results and Discussion

3.1. Optical Properties

The optical properties of the Si-coated PEDOT: PSS were studied using a JASCO (V 650)
UV–VIS Spectrometer by DRS method to obtain the surface reflectance and absorbance. Fig-
ure 1a, b shows the reflectance and absorption spectra of PEDOT: PSS-coated N-type silicon
wafers using different solvents. Figure 2a, b shows the reflectance and absorption spectra
of carbon-coated Si-PEDOT: PSS using different solvents (DMSO, EG, acetonitrile) and
compared with a standard N-type silicon wafer as a reference. The obtained surface absorp-
tion and reflectance (300–800 nm) of Si-PEDOT: PSS fabricated using acetonitrile, DMSO,
and ethylene glycol are listed in Table 1. The results show that the surface reflectance was
reduced significantly from a bare silicon wafer to a PEDOT: PSS-coated silicon wafer [18].
The absorbance spectrum shows the Si-coated PEDOT: PSS has significantly more than a
50% increase in the UV region and for the EG sample there is a 20% increase in the entire
visible spectrum [24]. Similarly, the surface reflectance of the carbon-coated Si-PEDOT: PSS
also decreased from that of the bare silicon wafer, as shown in Table 1.
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(a) (b) 

Figure 1. (a) Absorption and (b) reflectance spectra N-type Si wafer with PEDOT: PSS prepared in
different solvents (EG) ethylene glycol, (AC) acetonitrile, and (DMSO) dimethyl sulphoxide with bare
silicon as reference.

  

(a) (b) 

Figure 2. (a) Absorption and (b) reflectance spectra carbon coated N-type Si wafer with PE-
DOT: PSS prepared in different solvents (EG) ethylene glycol, (AC) acetonitrile, and (DMSO)
dimethyl sulphoxide.

Table 1. Optical properties of Si-PEDOT: PSS and carbon coated Si-PEDOT: PSS.

Samples Optical Mode Bare Silicon EG Acetonitrile DMSO

Si/PEDOT: PSS
Reflectance 67 43 58 62

Absorbance 0.24 0.87 0.84 0.81

Carbon
coated—Si/PEDOT: PSS

Reflectance 67 8.7 7.5 10.2

Absorbance 0.24 1.06 1.11 0.99

3.2. Surface Morphology Analysis

The morphologies of the bare and carbon-coated Si/PEDOT: PSS wafers were analyzed
using a scanning electron microscope. The morphology of the PEDOT: PSS deposited on the
Si wafer surface is crucial for device performance. The type of PN junction formed between
Si and PEDOT: PSS and the lateral or radial PN junctions was investigated by SEM. Figure 3
displays the top view (a–c) and cross-sectional view (d) of PEDOT: PSS-coated Si. The SEM
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image reveals that PEDOT: PSS on the surface of Si results in the formation of a lateral
PN junction with a low PN junction surface area. This improper coverage (agglomeration
and island formation) of PEDOT: PSS might be due to the smaller spacing of the highly
dense Si, surface tension, and hydrophobicity of the wafer. PEDOT: PSS was deposited and
agglomerated on the surface of silicon [8]. Figure 3d shows a cross-sectional view of the
PEDOT: PSS-coated silicon wafer.

  
(a) (b) 

  
(c) (d) 

Figure 3. SEM images of Si/PEDOT: PSS fabricated using (a) ethylene glycol, (b) acetonitrile,
(c) DMSO, respectively; (d) a cross section image of Si/PEDOT: PSS.

The surface morphologies of the carbon-coated samples were investigated using
scanning electron microscopy (SEM). The morphology and thickness of the carbon layer
play major roles in the morphology of the resulting surface. Therefore, we attempted
to engineer a carbon layer using camphor smoke. Figure 4 shows the SEM image and
cross-section image of the carbon-containing n-type silicon wafer coated with PEDOT: PSS
using (a, d) ethylene glycol; (b, e) acetonitrile; and (c, f) DMSO solvent. The cross-section
image shows a 1.5 to 2 μm range.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. SEM images and cross-section image of the carbon-containing n-type silicon wafer coated
with PEDOT: PSS using (a,d) ethylene glycol; (b,e) acetonitrile; and (c,f) DMSO solvent.

3.3. Structural Properties

The structural characterization of Si-PEDOT: PSS was performed by X-ray diffraction
(XRD), which gives an idea of the crystallite size, structure, and chemical composition,
as shown in Figure 5a,b. All three PEDOT: PSS-coated Si wafers were subjected to XRD
analysis. The characteristic peak of Si was obtained at 69.5◦, and the sharp peak indicated
the crystalline nature of Si. Because the Si peaks of the above four data points appear to
be the same, the peaks are not identical. There were slight deviations in the Si peak (0.1◦)
due to the solvent effect. Owing to the presence of different solvents, the forbidden Si
(200) peaks were not identical to those of the bare silicon wafer [25]. The peak appearing at
25◦–30◦ corresponds to the SiO2 layer, indicating the presence of SiO2 in the wafers. The
peak obtained at 32◦ corresponds to the forbidden Si interface peak obtained owing to the
presence of PEDOT: PSS, as shown in Figure 5a. Table 2 presents the d-spacing and the
two θ values for the different Si wafers.

Table 2. d-spacing and 2θ value calculated from XRD data.

Wafer d-Spacing (Å) 2θ (degree)

Si-PEDOT: PSS (EG) 1.35828 69.09817

Si-PEDOT: PSS (Ac) 1.35828 69.08817

Si-PEDOT: PSS (DMSO) 1.36027 68.98316
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Figure 5. Powder X-ray diffraction of (a) SiO2 and Si/PEDOT: PSS; (b) Si peak for all the samples.

3.4. I–V Analysis

Diode characteristics were measured using a solar simulator with a light equivalent
to an air mass of 1.5 (AM 1.5, 100 mW/cm2). The Voc, Isc, and diode characteristics were
calculated using the projected area of the solar cell. Figure 6a shows the characteristic I–V
curve for the diode formation, although the current obtained (EG) is very low of Isc = 0.2 μA
and the Voc is 0.2 V. The characteristic I–V curve shows the formation of a heterojunction
between PEDOT: PSS and silicon wafer. Figure 6b shows a characteristic I–V curve, which
indicates the formation of a heterojunction between PEDOT: PSS and the carbon-coated
silicon wafer [26]. A comparison of the performance of this study with those reported in
the literature is presented in Table 3.

Figure 6. Current–voltage measurement of (a) Si-PEDOT: PSS wafers and (b) carbon coated Si-PEDOT:
PSS wafers.
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Table 3. Comparison of the performance of this work with others reported in the literature.

S. No. Findings PCE Reference

1 Proper surface termination and light trapping in Si/organic
hybrid cells can potentially deliver very high PCE. 10.6% [8]

2 Effects of H-Si and SiOx-Si surface termination lead to PCE
change from 0.04% to 11.3%. 11.3% [27]

3
Hole-conducting polymer PEDOT: PSS provides a high level
of surface passivation on c-Si wafers leading to the efficiencies
up to 12.3%.

12.3% [28]

4 Superior photovoltaic properties of solar cells could be
realized the engineering electrode/semiconductor interface. 12.2% [29]

5
By adding 4% PFI into PEDOT: PSS, the device achieved an
FF of 0.70, which improved by 20% compared to the
non-treated one.

9.90% [30]

6
Planar Silicon with a hydrogen-terminated Si (H-Si) surface
exhibits high power conversion efficiency (PCE) of
8.27~12.70%.

12.70% [9]

7 Cells with longer Si NWs lead to poor performance because of
lower shunt resistance and higher recombination rate. 12.70% [22]

8 The minimal-defect interface between PEDOT: PSS and the
planar Si substrate Planar-Si HSCs delivered 13.3% PCE. 13.3% [18]

9 Study on an effective method to improve the conductivity of
PEDOT: PSS films with n-Si using EG and Triton. 14.5% [24]

10 The mixed PEDOT: PSS solution of DMSO and FS31 achieves
higher conductivity and a smaller contact angle. 11.07% [31]

11
Exposure-oxidation treatment of an H-terminated Si substrate
enhances the performance of planar hybrid Si/PEDOT: PSS
solar cells.

13.31% [32]

12 10% concentration of EG in PEDOT: PSS polymer device
efficiency is the maximum. 4.69% [26]

13 The cell performance of the siloxane layer at both interfaces
shows the best result of >17% efficiency. 17.34% [33]

14
Significant improvement in the performance due to the
presence of nanostructures leads to the enhancement in light
trapping and photo-carrier collection.

8.15% [34]

15
An attempt to find the best solvent for making PEDOT: PSS
hybrid solar cell with silicon. Ethylene glycol shows
better result.

Isc = 0.2 μA
Voc = 0.2 V Current work

4. Conclusions

In summary, we fabricated the heterojunction solar cells using three solvents: ethylene
glycol, acetonitrile, and dimethyl sulfoxide. The fabricated hybrid solar cell was inves-
tigated using UV-DRS, SEM, XRD, and IV. The interpreted results showed that ethylene
glycol-containing wafers have lower reflectance and higher absorbance than other solvent-
containing wafers. The higher absorbance of light leads to a broad spectrum of photovoltaic
devices, which results in the higher cell efficiency. Current–voltage measurements have
shown the characteristic diode curve for all the fabricated cells. This characteristic diode
curve indicated the presence of a heterojunction. The EG-containing cells displayed current
output on I–V characteristics. Further optimization of the concentration, annealing temper-
ature, and spin-coating RPM may yield better characterization results for the fabricated
material used in this work.
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Abstract: We studied the influence of the arsenic pressure during low-temperature GaAs overgrowth
of InAs quantum dots on their optical properties. In the photoluminescence spectrum of quantum
dots overgrown at a high arsenic pressure, we observed a single broad line corresponding to unimodal
size distribution of quantum dots. Meanwhile, two distinct peaks (~1080 and ~1150 nm) at larger
wavelengths are found in the spectra of samples with quantum dots overgrown at a low arsenic
pressure. We attributed this phenomenon to the high-pressure suppression of atom diffusion between
InAs islands at the overgrowth stage, which makes it possible to preserve the initial unimodal size
distribution of quantum dots. The same overgrowth of quantum dots at the low arsenic pressure
induces intensive mass transfer, which leads to the formation of arrays of quantum dots with larger
sizes. Integrated photoluminescence intensity at 300 K is found to be lower for quantum dots
overgrown at the higher arsenic pressure. However, a difference in the photoluminescence intensity
for the high- and low-pressure overgrowths is not so significant for a temperature of 77 K. This
indicates that excess arsenic incorporates into the capping layer at high arsenic pressures and creates
numerous nonradiative recombination centers, diminishing the photoluminescence intensity.

Keywords: molecular beam epitaxy; A3B5; semiconductor nanostructures; quantum dots;
photoluminescence

1. Introduction

Semiconductor quantum dots (QDs) are considered to significantly improve the effi-
ciency of optoelectronic and nanophotonic devices because they are spatially limited in all
three dimensions, which leads to their strong quantum confinement [1–4]. InAs QD lasers
exhibit a low threshold current density [5,6], high internal quantum efficiency [7,8] and
high-temperature stability of threshold current and slope efficiency [9,10]. However, output
power and modulation bandwidth of QD lasers are still smaller than those characteristics of
quantum well lasers [11]. Furthermore, the performance of promising QD-based quantum
information devices strongly depends on the geometry and composition of QDs [12].

Photoluminescence (PL) spectra are normally taken from overgrown QDs whose
geometrical parameters differ from those of uncovered QDs observed on the surface.
Therefore, it is very essential to study the processes of QD capping. Previous studies by
transmission electron microscopy (TEM) and cross-sectional scanning tunneling microscopy
(X-STM) methods demonstrated that intensive mass transfer and intermixing occurs during
overgrowth of InAs QDs [11,13–16]. It was shown that the deposition of only one monolayer
(ML) of GaAs above the array of QDs leads to a significant change in their size and density
and to a clear bimodal size distribution [17]. Another study demonstrated an abrupt
decrease in the average height of InAs QDs from 10 to 1.5 nm after their overgrowth by a
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2-nanometer-thick GaAs layer [14]. The active mass transfer observed in these experiments
is caused by a necessity to minimize the system energy by strain relaxation.

A lot of techniques were used to preserve the configuration of initial QDs. For example,
overgrowth of InAs QDs by a GaAs layer at a temperature of 300 ◦C made it possible to
maintain a pyramidal shape of QDs with sharp heterointerfaces [13]. However, such low-
temperature capping may result in poor structural and optical quality of QDs. Various
overgrowth temperature sequences were also used to estimate their influence on the QD
characteristics. The results indicate that the overgrowth temperature must be at the same
level as or below the QD growth temperature to avoid intermixing and flushing of the
tops of QDs [11,16,18]. It was also shown that capping at low growth rates leads to
more intensive intermixing and QD height reduction than at high growth rates [15]. This
indicates that the material of QDs and capping layers tends to intermix and transform into
a single continuous layer when not prevented by specific techniques. For the same reason,
any growth interruption leads to unceasing dissolving of QDs in the matrix material [13].
However, much less attention has been paid to the dependence of the QD PL spectra on
the arsenic beam equivalent pressure during overgrowth, which is also expected to have an
impact on the processes of QD dissolving.

In this paper, we studied the influence of the arsenic pressure (PAs) during overgrowth
of InAs QDs by a low-temperature GaAs (LT-GaAs) layer with different thicknesses (H)
on the PL spectra of these structures. We revealed that a high arsenic pressure makes it
possible to achieve a single broad line in the PL spectrum corresponding to unimodal size
distribution of QDs, whereas the spectrum has two separate lines (~1080 and ~1150 nm)
at a low arsenic pressure for both capping layer thicknesses (5 and 10 nm). An additional
longwave line (~1150 nm) is attributed to the contribution of largened QDs. Their formation
can be inhibited by increasing the arsenic flux, which suppresses mass transfer and reduces
the contribution of large QDs in the PL spectrum.

2. Materials and Methods

The samples were grown in a SemiTEq STE 35 solid-source molecular beam epitaxy
system on GaAs(001) epi-ready substrates. Standard effusion cells were used as group-III
component sources. For group-V arsenic, a valved cracker cell with As4 mode was used.
After a standard procedure of the oxide removal, a 250-nanometer-thick GaAs buffer layer
was grown at 580 ◦C. A single InAs QD layer was sandwiched between a 100-nanometer-
thick GaAs inner layer and a 50-nanometer-thick Al0.33Ga0.67As outer layer grown at 580 ◦C
and 600 ◦C, respectively. The QDs were formed by the Stranski–Krastanov growth mode
after deposition of 2.5 MLs of InAs at 500 ◦C and 0.05 ML/s. The formation of InAs
three-dimensional islands was verified by the streaky–spotty transition of the reflection
high-energy electron diffraction pattern. After the QD formation, a growth interruption
of 30 s under the arsenic flux was applied. Then, four different low-temperature (500 ◦C)
GaAs capping procedures were carried out for samples 1–4: (1) 5 nm at PAs = 3 × 10−5 Pa;
(2) 10 nm at PAs = 3 × 10−5 Pa; (3) 5 nm at PAs = 1 × 10−5 Pa; (4) 10 nm at PAs = 1 × 10−5 Pa.
Thereafter, the substrate temperature was elevated to 580 ◦C to grow a high-temperature
GaAs layer with a thickness of 95 nm for samples 1 and 3 and 90 nm for samples 2 and 4.
Above the Al0.33Ga0.67As cladding layer, a 10-nanometer-thick high-temperature GaAs
layer was grown, and the structure was annealed at 610 ◦C to reduce defects. For reference,
an additional sample was grown with an array of uncovered QDs formed straightly on a
GaAs buffer layer (sample 0).

A schematic QD PL structure grown in this study is illustrated in Figure 1.
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Figure 1. Schematic representation of a typical PL structure in which the LT-GaAs capping layer
differs in the thickness and the arsenic pressure provided during the growth.

The reference sample was studied in FEI Nova Nanolab scanning electron microscope
(SEM) and NT-MDT Ntegra atomic force microscope (AFM) for the characterization of
shape, size and surface density of uncovered QDs.

For PL studies, the samples were placed in a flow Janis ST-500 cryostat to control the
sample temperature (TPL) in the range of 77–300 K. The PL was excited by a YLF:Nd+3

laser operating in the cw mode (λ = 527 nm). The laser power was varied in the range from
0.084 to 40 mW. PL signal was detected using an SOL instrument’s MS 5204i monochroma-
tor and a single-channel InGaAs detector using synchronous detection (SRS 830 Stanford
Research Systems).

3. Results and Discussion

The QD growth conditions were chosen so that the surface density of QDs was
sufficiently large to provide high PL intensity, but not too large to stimulate QD coalescence.
It is commonly known that InAs dots arranged quite close to each other merge due to
Ostwald ripening [7,11]. A value of the surface density of uncovered QDs that we observe
after 30 s interruption at the growth temperature before quenching is 4.1 × 1010 cm−2

(Figure 2). Meanwhile, the density of the coalesced QDs is found to be 3.8 × 108 cm−2. An
average diameter of uncovered QDs is 23 nm, and their average height is 5.5 nm. QDs
with these parameters are typically supposed to have separate energy levels contributing
to distinct peaks in the PL spectrum after the capping procedure [14,19].
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Figure 2. SEM image of an array of uncovered InAs QDs formed on the GaAs surface (sample 0).

PL spectra taken from the overgrown structures demonstrate their strong dependence
on the arsenic pressure used during overgrowth of QDs by the LT-GaAs layer (Figure 3a).
For each room-temperature spectrum, the lines corresponding to volume GaAs and InAs
wetting layer are at ~870 and 935 nm, respectively, which is in good agreement with
previous studies [20]. However, longer-wavelength lines corresponding to the energy
levels of QDs differ in their position and relative intensity (Table 1).

Figure 3. 300 K (a) and 77 K (b) PL spectra of structures with InAs QDs overgrown by the GaAs
layer under various growth conditions according to the sample numbers in the legend: red lines:
PAs = 3 × 10−5 Pa; blue lines: PAs = 1 × 10−5 Pa; solid lines: 10 nm; dashed lines: 5 nm.
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Table 1. Summary of the PL parameters of InAs QDs covered by the LT-GaAs layer under various
growth conditions.

TPL

(K)
PAs

(Pa)

H = 5 nm H = 10 nm

SW Line
(nm)

LW Line
(nm)

Integrated
Intensity (a.u.)

SW Line
(nm)

LW Line
(nm)

Integrated
Intensity (a.u.)

300
3 × 10−5 1049 - 0.03 1038 - 0.16
1 × 10−5 1083 ~1160 0.61 1077 1140 0.76

77
3 × 10−5 983 - 0.88 983 - 0.64
1 × 10−5 1009 ~1080 1.00 1011 1070 0.62

When QDs are overgrown at PAs = 3 × 10−5 Pa, an unambiguous single broad line
is observed in the room-temperature PL spectrum at 1049 and 1038 nm (shortwave (SW)
line) for the LT-GaAs thicknesses of 5 and 10 nm, respectively (Figure 3a), whereas at
PAs = 1 × 10−5 Pa, two longer wave lines are pronounced. The first line (SW) is approx-
imately the same for both LT-GaAs thicknesses and shifted to ~1080 nm. The longwave
(LW) line is at a wavelength of ~1160 and ~1140 nm for 5 and 10 nm LT-GaAs, respectively.
Although the appearance of an additional LW line is often attributed to an array of coa-
lesced QDs [11], we consider that its contribution is not sufficient to give a pronounced PL
peak, taking into account the two-orders-of-magnitude-lower surface density of coalesced
QDs compared with basic ones. Moreover, the coalescence of QDs before capping is equally
inherent in each of the PL structures under consideration, but the additional LW lines
appear only after the overgrowth at PAs = 1 × 10−5 Pa. Therefore, this behavior is not
due to the initial size distribution of InAs islands, but to mass transfer processes during
the overgrowth.

The red shift of the SW line, as well as the appearance of an additional LW line in
the low-pressure LT-GaAs PL spectra, is due to the redistribution of the QD material
and formation of new groups of QD sizes. At the high arsenic pressure, the diffusion of
group-III atoms is suppressed, and therefore, InAs islands are predominantly conserved.
Although the shape, size and composition of InAs QDs can change due to the indium
segregation and strain-relaxing mass transfer, their uniformity in size is assumed to be
retained. At the same time, an InAs QD covered by an intermediate InGaAs layer with
changing In content is formed as a result of QD and LT-GaAs intermixing. As shown by
TEM and X-STM studies [11,13], this form of QDs is typical for capping at the QD growth
temperature. When the temperature is reduced to ultracold 300 ◦C, the QD shape remains
almost perfectly pyramidal [13]. Meanwhile, an increase in the temperature causes more
intensive intermixing, which leads to blurring of the original pyramidal shape of QDs.

Similar behavior is observed when the arsenic pressure during the overgrowth is
decreased. The diffusion length of group-III atoms increases, leading to more intensive
mass transfer and coalescence of QDs located close to each other. As a result, two types of
QDs appear in the volume and contribute to LW lines: 1140 nm for 10 nm LT-GaAs and
~1160 nm for 5 nm LT-GaAs (Figure 3a). These lines are attributed to the appearance of QDs
of quite a large size which contain an increased number of energy levels in the potential
well, providing lower energy electron transitions with emission at longer wavelengths.

Integrated room-temperature PL intensity of QDs obtained at the low arsenic pressure
during the overgrowth essentially exceeds the intensity of QDs which were overgrown at
the high arsenic pressure (Table 1). However, this difference is not so significant at 77 K
PL (Figure 3b). This indicates that excess arsenic accumulates in the capping layer grown
at the high arsenic pressure and acts as additional nonradiative recombination centers
for charge carriers migrating faster over the semiconductor volume at room temperature
than at 77 K. It also should be noted that the integrated room-temperature PL intensity of
QDs overgrown by 5 nm LT-GaAs is weaker than for 10 nm LT-GaAs, especially for the
high arsenic pressure. It can be associated with higher defectiveness of thinner capping
layers, which has been reported elsewhere. After the low-temperature overgrowth of QDs
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by a layer of 2–7 nm thickness, shallow depressions are formed above the tops of QDs
and preserved on the surface at a stage of substrate heating up to a high temperature
used for the overgrowth by a thick GaAs layer [7,11,14,17]. After the high-temperature
overgrowth of the layer with these depressions, multiple dislocations are produced in the
area above QDs [7,11]. In our study, the defectiveness of the structure increases when the
5 nm LT-GaAs layer is grown at the high arsenic pressure because, in this case, the excess
arsenic incorporated into the thin capping layer (5 nm) desorbs, leading to the expansion of
the depressions above QDs. Although the concentration of excess arsenic atoms decreases,
an increased density of dislocations prevents efficient radiative recombination of carriers
in QDs to a greater extent. However, the overgrowth of QDs by the thicker LT-GaAs
layer (10 nm) allows inhibition of the depression formation and subsequent generation of
dislocations [11].

The intensity maximum of the LW line in the room-temperature spectra for the low
arsenic pressure is observed to be higher than the intensity maximum of the SW line in
the case of the 10 nm capping layer, but it is lower in the case of the 5-nanometer-thick
layer (Figure 3a). The integrated PL intensity from QDs overgrown by the 10 nm layer is
also higher than from QDs overgrown by the 5 nm layer (Table 1). This behavior can be
explained by the difference in the surface density of QDs of various sizes formed during
the diffusion of In atoms within the overgrown layer mixed with the QD material. In the
case of the capping layer of a smaller thickness (5 nm), as noted earlier, a greater number
of dislocations are formed in the layer after the high-temperature overgrowth than in the
case of the overgrowth by the thicker LT-GaAs layer (10 nm). As a result, the integrated
PL intensity at room temperature decreases, as does the intensity of the LW line, which
corresponds to larger QDs having a greater number of dislocations in their neighborhood.
Therefore, charge carriers in larger QDs are more prone to nonradiative transitions than
in smaller QDs. This assumption is confirmed by the fact that the integrated PL intensity
from QDs overgrown by the 5 nm layer increases with a decrease in the PL temperature to
77 K (Figure 3b).

However, for the 10-nanometer-thick capping layer, the integrated PL intensity remains
at the same level, with a slight decrease when moving from 300 to 77 K (Table 1). As
mentioned earlier, this indicates lower defectiveness of the material compared with the
structure with the 5 nm layer. However, it is important to clarify the reason for the reduction
in the integrated PL intensity from QDs at 77 K in comparison with the 10 nm layer. This
regularity may be due to the continuation of intensive diffusion of In atoms at the stage of
heating the 5 nm layer, which leads to an increase in the surface density of smaller QDs
responsible for the SW line. Although the density of such QDs overgrown by the 5 nm
layer is higher, the integrated PL intensity of QDs at room temperature becomes lower
than in the case of the 10 nm layer due to the higher imperfection of the material. When
QDs are overgrown by the thicker LT-GaAs layer (10 nm), the QD density remains almost
unchanged during the heating, which is confirmed by the retention of two distinct lines in
the PL spectrum (SW and LW lines).

In order to estimate the nature of the separate SW and LW lines, the excitation intensity
was varied in the range from 0.084 to 40 mW for the two PL temperatures of 300 K and
77 K for the samples with the low-pressure overgrowth by LT-GaAs layers of different
thicknesses (Figure 4).

For the room-temperature PL spectra of QDs overgrown at the low arsenic pressure,
an increase in the ratio of SW to LW lines’ maximum intensity is observed, with increasing
excitation power for both LT-GaAs layer thicknesses: 5 nm (Figure 4a) and 10 nm (Figure 4b).
This is attributed to the fact that low-energy electron transitions in QDs of larger sizes
are more favorable than shortwave transitions in smaller QDs. When the first ones reach
saturation at a certain excitation intensity, the probability of high-energy transitions in
smaller QDs becomes higher, contributing to the SW line of the PL spectrum.
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(a) (b) 

  
(c) (d) 

Figure 4. Excitation intensity-dependent PL spectra of QDs overgrown at the low arsenic pressure:
(a) H = 5 nm (300 K); (b) H = 10 nm (300 K); (c) H = 5 nm (77 K); (d) H = 10 nm (77 K).

A similar situation is observed in the cryogenic PL spectra, where the ratio of the SW
to LW lines’ maximum intensity rises with increasing excitation power for the samples
with both LT-GaAs thicknesses, i.e., 5 nm (Figure 4c) and 10 nm (Figure 4d). However, two
LW lines become prominent at wavelengths of ~1020 and ~1080 nm. This fact confirms an
assumption about the saturation of low-energy electron transitions, but it also demonstrates
that appearance of a new group of QDs with an intermediate size (emitting at ~1020 nm) is
possible in the case of the 5 nm LT-GaAs layer. Thus, the diffusion of In atoms within the
thin capping layer is more rapid when the substrate heating occurs than within the thicker
capping layer. Observation of both (SW and LW) lines in the cryogenic PL spectra at any
excitation power confirms that the SW line is not due to the transitions from an excited
level but due to the transitions in a certain type of small-sized QDs.

4. Conclusions

The influence of the arsenic pressure during low-temperature GaAs overgrowth of
InAs QDs on their optical properties was revealed in this study. We demonstrated that
overgrowth at a high arsenic pressure provides a single broad line in the QD PL spectrum,
whereas two distinct lines are observed in the PL spectrum of QDs overgrown by the LT-
GaAs layer at a low arsenic pressure. This behavior is explained by the strain-compensating
mass transfer induced by the QD overgrowth. While the diffusion of In atoms is suppressed
at the high arsenic pressure, formation of different size groups of QDs occurs during the
low-pressure overgrowth. However, the integrated room-temperature PL intensity of
QDs is significantly lower for QDs overgrown at the high arsenic pressure because excess
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arsenic incorporates into the capping layer in this case and leads to the enhancement of
nonradiative recombination of charge carriers.

We also reveal a decrease in the integrated intensity of a thinner LT-GaAs capping
layer (5 nm) as compared with a thicker layer (10 nm). We attribute it to one more source
of nonradiative recombination centers, which has dislocations produced in the area of
QD tops. These dislocations are caused by the formation of depressions during the low-
temperature overgrowth and expand during the substrate heating of the thin layer (5 nm).
Meanwhile, this pit formation can be inhibited using the low-temperature overgrowth by
the thicker layer (10 nm). The higher defectiveness of the 5 nm LT-GaAs layer is also found
for the overgrowth at the high arsenic pressure, which is associated with the desorption of
the excess arsenic, inducing the depression formation.

The presence of the SW line at each excitation power in the cryogenic PL spectra
for the samples with the low-pressure overgrowth confirmed the assumption that it is
not caused by the electron transitions from an excited energy level, but it is due to the
excitation of smaller-sized QDs. The SW line’s maximum intensity increases when the low-
energy transitions from larger QDs reach saturation, giving rise to the shorter-wavelength
transitions from smaller QDs. The analysis of the ratio of relative maximum intensities of
the SW and LW lines also indicated a difference in the surface density of QDs obtained after
the overgrowth by LT-GaAs layers of different thicknesses. Because the LW line’s intensity
is relatively lower than the SW line’s intensity for the 5 nm LT-GaAs, we can conclude that
the concentration of dislocations near larger QDs is higher than that near smaller QDs.
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Abstract: Quantum cryptography protocols make it possible not only to ensure the protection of data
transmitted in a communication channel from unauthorized access by intruders, but also to detect
the existence of any attempted interception. This scientific direction is currently relevant, since it is
related to the problem of security and data protection in current information and communication
networks. The article is devoted to quantum cryptography; it describes the development of quantum
protocols as quantum key distribution systems. Grounded on the laws of quantum mechanics, the
elaboration of modifications of secure data transfer protocols is shown. The authors considered
the best-known protocol to be BB84 of quantum key distribution; a more modern modification of
this protocol is BB84 Info-Z. Comparative analysis of these has also been carried out. It has been
established that the BB84-Info-Z quantum protocol works more efficiently than BB84 since its lower
error threshold allows the interceptor to obtain much less information about the secret key. The
authors put forward a new idea to improve the BB84 protocol (which has been quite outdated for
almost 40 years), due to the increase in modern requirements for quantum cryptography protocols.
The modification is called CSLOE-2022. It enables significant intensification of cryptographic strength
and the entanglement degree of the interceptor (cryptanalyst), which greatly complicates the very
possibility of intercepting information. The ultimate goal of the CSLOE-2022 modification is to
complicate the eavesdropping process so much that it can be considered completely useless for an
attacker in terms of wasting time and resources. The modification allows exceeding the known speed
limit of key generation without repeaters since it uses two sources, the phases of which, in addition
to the hundreds of kilometers of fiber between them, are very difficult to stabilize. Comparison of
the protocols by working distance showed that for BB84, this distance does not exceed 70 km; for
BB84-Info-Z it is similar, at no more than 70 km, and the modification of CSLOE-2022 proposed by
the authors theoretically allows increasing the working distance of the quantum protocol to 511 km
(7.3 times).

Keywords: quantum protocol; quantum cryptography; quantum key distribution; error threshold;
modification of the quantum protocol BB84

1. Introduction

The article is devoted to quantum cryptography. It particularly concerns quantum
cryptographic protocols, which scientists have been investigating for almost forty years.
Quantum cryptography is considered technology capable of adding to the new, unique
look of telecommunication networks of the future.

However, no one can predict with full confidence what the formed quantum infrastruc-
ture will look like, and to what outcome it may lead. Today, quantum cryptography allows
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us not only to provide increased protection against unauthorized access to transmitted
information, but also to reveal the very existence of such attempt with higher probability.
In modern information-based society, this aspect is extremely important, since humanity is
striving to achieve, in fact, complete digitalization.

In parallel with this process, the global modernization of technological equipment,
computer software and hardware is rapidly taking place; load on telecommunications
networks is increasing. Volumes of secret data, confidential information, and personal
data of users are increasing. At the same time, the number of computer security incidents
is inevitably increasing. Attackers are modernizing the types of threats and ways to
implement them, causing serious problems with information security and data protection.

Maintaining the reliability and operability of technical equipment in communication
networks is becoming an increasingly difficult task. Recent cyberattacks in various coun-
tries of the world have partially paralyzed the public activity of citizens and caused serious
problems in government apparatus. Many countries face similar incidents of computer secu-
rity every day, and in some cases, users become practically helpless. National governments
are extremely concerned about this situation, which threatens their critical infrastructure.

The moment is not far off when the process of modernization of the available means
of information protection will come to a standstill, and then the transition to safer quantum
technologies will become the ubiquitous inevitability.

Therefore, many countries of the world are optimistic for quantum cryptography
technologies. In this regard, the process of transition to quantum technologies seems
inevitable, and the attitude to scientific research in this area has become much more serious.

The article proposed by the authors is aimed at analyzing the foundations of quantum
cryptography protocols, comparing their cryptographic strength, and the possibilities
for their modification. Two well–known quantum protocols are taken as examples: the
outdated, but still competitive BB84, and its modification BB84 Info-Z, which has its own
distinctive features. Understanding the grounds and principles of quantum protocol
functioning is becoming a necessity for many information security specialists. The priority
directions of the development of quantum key distribution systems are demonstrated, and
the construction of safe and secure data transmission protocols grounded on quantum
mechanics laws is shown.

This article puts forward new assumptions about the possibility of universal improve-
ment of quantum protocols on the example of modification of the quantum protocol BB84.
The application of the idea put forward by the authors is based on the theory of man-made
reconstruction of photons and their further use, which allows significantly reducing the
danger of potential threats, and in some cases, to avoid situations related to vulnerabilities
of quantum protocols. This method is combined; together with the application of false
photon states and the creation of many traps, in order to increase the computing resources
spent on cyberattacks by hackers, in the end, it nullifies this attack, making it useless. An
attacker, or “eavesdropper”, will find a much smaller opportunity to guess the desired data
transfer qubit, as well as the photon polarization state. The simulated copies, in addition to
their main task, will become good bait for hackers, capable of driving him into the trap,
thereby confirming his presence in the communication channel. In this case, the process of
disconnecting the communication channel will not be mandatory.

2. Protocol BB84

This quantum protocol is named after the first letters of the surnames of its creators and
the year of its publication [1]. The BB84 protocol is designed to transmit secret information
encoded in binary. Figure 1 shows how, in the BB84 protocol, one bit can be encoded in the
polarization state of photon. Binary 0 is defined as the polarization of 0◦ in the rectilinear
coordinate basis, or 45◦ on a diagonal basis. Binary 1 can also be equal to 90◦ on a rectilinear
coordinate basis, or 135◦ on a diagonal basis. Thereby, one bit can be represented by the
polarization of a photon in one of two coordinate bases.
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Figure 1. Encoding of the bit in protocol BB84.

Currently, the participants in the transmission of the data process, Alice and Bob, agree
to approve some big number n, the threshold of error pa and the linear correction code of
error C, with the parity check matrix PC of the order r × n.

The linear key generation function (to enhance confidentiality), represented by PK
matrix of order m × n, is also agreed upon. Both matrices can be known in advance or can
be determined during the execution of the protocol, and then can be sent via the classical
channel. In turn, the matrix (r + m) × n, the rows of which are the rows PC and PK, if taken
together, must have the rank r + m. Alice randomly selects the sequences of bits: strings i
from 2n – bit, b ∈ F2

2n, where F2 defines the field of 2 elements {0; 1}, that is, field of integer
numbers modulo 2. Then, the state

∣∣∣ib
〉
=
∣∣∣ ib1

1

〉
. . .
∣∣∣ ib2n

2n

〉
is encoded. For each bit, the

coordinate basis is randomly selected, rectilinear or diagonal, with which the bit will be
encoded. When transmitting the photon from Alice, Bob will inform her about the photon
receiving, but will not measure it.

For each photon that Bob receives, he will measure the polarization of the photon
on the randomly selected coordinate basis, applying it to his own state. If Bob chose the
same coordinate basis of his state for particular photon as Alice did, when he performed
the transformation Hb = Hb1 ⊗ . . . ⊗ Hb2n , he switches to the state |i〉 = | i1 . . . i2n〉 . Bob
should measure the same polarization in the line iB, and thus output the bit that Alice sent
correctly, in the case of absence of noise and signs of eavesdropping on the communication
line from the side of an attacker.

To detect eavesdropping, Alice will randomly select n bits that will be used to detect
the presence of attackers. By selecting a 2n–bit string containing n units exactly, Alice must
ensure that equality |s| = n was fulfilled. Alice sends to Bob s bits publicly, such, that
sj = 0, which are applicated for testing, and the rest of the bits are employed for generating
of the final key. Let us denote the corresponding substrings, appropriate for testing process
values i and b, while the substrings appropriate for the generation of a key will be defined
as is and bs. For every j ∈ [1 . . . 2n], such, that the value sj = 0, the participants of the data
transfer process Alice and Bob publish the value of the bit with jth number.

If Bob chose the incorrect basis of coordinates, then his outcome and, consequently,
the bit that he received will be random. It is worth noting that if the mismatch of the bits
determined in the published values of the jth bit by comparison exceeds the npa, then they
interrupt the protocol execution. The preliminarily fixed parameter pa of the protocol, in
fact, is the relationship of permitted bit flips, intended for the testing process.

Alice and Bob save the values of the residue n bits in the strict confidence. The string
of Alice is designated as x = is and is called the information string. The appropriate string
of bits on the side Bob is determined as xB.

At the second stage, Bob must inform Alice, via any unprotected channel of com-
munication, what coordinate basis he has used to measure every photon. Then, Alice
informs Bob if he chose the proper coordinate basis for each photon. At this stage, Alice
and Bob throw out the bits appropriating the photons that Bob has measured with another
coordinate basis. On the condition that no errors occurred, or no one managed the photons,
Alice and Bob now should possess the same string of bits, which is named the sifted key.

The example demonstrated below (Figure 2) illustrates the bits that Alice selected;
the coordinate bases in which she encoded her bits; and the coordinate bases that Bob
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applicated for his dimension. In addition, Figure 2 shows the resulting sifted key, after
the stage when Bob and Alice rejected their bits, as indicated above. However, Alice and
Bob, before they finish, have to approve a subset of random bits for the comparison of the
provision of the consistency of their actions. For verification, Alice sends Bob an r–bit string
of error correction. Bob will use ξ to compare or rectify his string xB as necessary. String
ξ = xPT

C is named the syndrome of string x (relative to PC). If bits correspond, then they are
rejected, and other bits create the common secret m–bit key.

 

Figure 2. Sifted key.

If there is no noise and there are no other dimension errors, a mismatch in any of the
compared bits would specify the availability of an interceptor presenting in the quantum
channel. The reason for this is that if attacker Eve was trying to define the key value, then
she would not have any other choice but to measure the photons dispatched by Alice before
transmitting these photons to Bob.

Therefore, Eve should attach the separate quantum probe (at quantum sensing [2–6]),
which, as she assumed, is in a pure state, and apply the unitary transformation Uj to the
composite system. This is true because the theorem on prohibition of cloning (anti–cloning
theorem) [7] guarantees that it is impracticable to reproduce a particle of an unknown state.

In view of the fact that Eve will not know which coordinate bases Alice have applicated
to encode the bit while she discussed her measurements with Bob, she will be forced to
guess. If she measures the states of photons in the wrong coordinate bases, then, as
the uncertainty principle of Heisenberg guarantees, the information that was encoded in
another coordinate basis will be lost.

Therefore, when a photon reaches Bob, his dimension will be random, and he will
receive incorrect information in 50% of cases. Taking into account that the interceptor Eve
will choose the basis of measurement incorrectly in 50% cases, on average, then 25% the
bits measured by Bob will discern from the bits of Alice. If interceptor Eve captures all
possible bits, then, after comparisons of n–bit by Alice and Bob, they would decrease the
possibility that attacker Eve can remain unnoticed by a value of 3

4 n.
Therefore, the probability that the interceptor–attacker Eve has investigated the secret

is insignificant if relatively long bit sequences are compared and identified.

3. Protocol BB84–Info–Z

Modification of BB84 and the considered quantum protocol BB84–Info–Z, is analogous
to BB84 [8], except that it applies the following differences:

– Generalized numbers of bits n, nz and nx (n–the numbers of informational bits, where
Z and X are the test bits, accordingly);

– Section P = (s, z, b) to divide n–bit string i into three non–overlapping sets (I, TZ TX);
– Two special thresholds, which are separate (pA,z and pA,x) in place of one thresh-

old (pA).

Before starting the quantum protocol functioning, Alice and Bob must select some
general parameters or public parameters:
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– numbers denoted as n, nz and nX (specified as the relationship N = n + nz + nx);
– thresholds of errors denoted as PA,Z and PA,X, r × n (which correspond to the linear

code of error correction C);
– matrices of privacy enhancement m × n (representing the linear key of generation

function).

It is important that all rows R + M of the previously considered PC and PK matrices
are assembled as linearly independent.

Alice randomly selects the section P = (s, z, b) of the N–bit strings, randomly choosing
N–bit strings denoted as, z, b ∈ FN

2 , which satisfy the conditions:

| s | = n; | z | = nz; | B | = nx; and | s + z + b | = N.

Thereby, the section P splits the set of indexes denoted as {1, 2, . . . , N} into three
non-overlapping and disjointed sets:

– I (information bits, where sj = 1) size n;
– TZ (test bits Z, where zj = 1) with size nz;
– TX (test bits X, where bj = 1) with size nx.

Alice selects N–bit strings randomly, where i ∈ FN
2 , and performs the dispatch of

N qubits
∣∣∣ib1

2

〉
,
∣∣∣ib2

2

〉
, . . . ,

∣∣∣ ibN
N

〉
, one by one, through the quantum information channel.

At the same time, Alice uses coordinate basis Z to send the information of test Z–bits, as
well as X coordinate basis to send X–bits. Initially, Bob stores every qubit he has received
in the quantum memory, without measuring this qubits.

Next, Alice dispatches the string of bits b = b1 . . . bN via the classical channel to Bob.
Bob gauges and measures every qubit that he has received and saved. When measuring
ith qubit, Bob measures it in the Z–coordinate basis if bi = 0, and measures it in the
X–coordinate basis if bi = 1. This string of bits that Bob measured is designated as iB. If
noise and eavesdropping are absent, then the bit string is equal to iB = i.

After that, Alice sends Bob the string of bits, designated as s. The information bits
(which will be applied for the final key generating) are n bits sj = 1, while test Z and X bits
(which will be applied for testing) are nZ + nX with sj = 0. Substrings are denoted by i and
b, and correspond to information bits iS and bS, accordingly.

Next, Alice and Bob publish together the values of bits, which they obtain for all
test bits Z and X, and then the bit values are compared. If, for Alice and Bob, more than
nZ · pa,Z test Z–bits are, or more than nX · pa,X test X–bits between them are different, then
they interrupt this protocol, where pa,Z and pa,X are preliminarily coordinated thresholds
of errors. Alice and Bob keep values of residual n bits (information bits where sj = 1) a strict
secret. The bit chain of Alice is designated as x = is, and the bit string of Bob is denoted
as xB.

Then, the syndrome x should be dispatched from Alice to Bob (regarding code C
correction of errors and its check on parity of the PC matrix), which includes r bits and is
determined as ξ = xPT

C . Using the value ξ, Bob rectifies the errors in his string of bits xB (it
is similarly x). The final key is m–bit sequence and is determined as k = xPT

K . Alice and
Bob, together, calculate it. It is obvious that the protocols are very similar.

Let us consider their security against collective attacks [9,10], which are one of the
most powerful theoretical cyberattacks.

4. Description of Cyberattack of Eve and the Properties of It

To every j qubit
∣∣∣ibj

j

〉
Tj

shipped by Alice (1 ≤ j ≤ N), Eve attaches the separate quan-

tum probe (at quantum sensing), which, as it assumed, is in pure state, and applies the
unitary transformation Uj to the composite system. Then, she stores her quantum probes
in the quantum memory for the subsequent measurements, and dispatches to Bob his part
of the system [11].
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Therefore, for every qubit there is a certain trial Hilbert space and a certain unitary
transformation Uj; they are determined by Eve in advance and, thus, are corrected and
fixed for all feasible variants and options of i, b and s.

4.1. Cyberattack of Eve on the Separate Qubit

Because the cyberattack is bitwise, it is possible to focus the analysis on some selected
fixed qubit, temporarily discarding subindex j and expressing the general impact of the
actions of Eve on the concrete qubit relative to the coordinate basis

∣∣∣0b
〉

,
∣∣∣1b
〉

U
∣∣∣0E
〉∣∣∣0b

〉
=
∣∣∣Eb

00

〉∣∣∣0b
〉
+
∣∣∣Eb

01

〉∣∣∣1b
〉
=
∣∣∣φb

0

〉
. (1)

U
∣∣∣0E
〉∣∣∣1b

〉
=
∣∣∣Eb

10

〉∣∣∣0b
〉
+
∣∣∣Eb

11

〉 ∣∣∣1b
〉
=
∣∣∣φb

1

〉
. (2)

where
∣∣∣Eb

00

〉
,
∣∣∣Eb

01

〉
,
∣∣∣Eb

10

〉
and

∣∣∣Eb
11

〉
represent the vectors, or non–normalized states, in the

trial Hilbert space of Eve, respective to this concrete qubit. Because the transformation U is
unitary, then

∣∣∣φb
0

〉
and

∣∣∣φb
1

〉
have norm 1 and are orthogonal. This means that

〈
Eb

00

∣∣∣Eb
00

〉
+
〈

Eb
01

∣∣∣Eb
01

〉
= 1. (3)

〈
Eb

10

∣∣∣Eb
10

〉
+
〈

Eb
11

∣∣∣Eb
11

〉
= 1. (4)〈

Eb
00

∣∣∣Eb
10

〉
+
〈

Eb
01

∣∣∣Eb
11

〉
= 0

〈
Eb

10

∣∣∣Eb
00

〉
+
〈

Eb
11

∣∣∣Eb
01

〉
= 0. (5)

4.2. Spreading the Cyberattack to the Several Qubits–Collective Cyberattack

For every qubit ∈ [1 . . . 2n] Eve uses the transformation Uj in the space HE
j ⊗H2,

where HE
j is Eve’s trial space, H2– is the space of qubits. The coordinate basis bj, expressed

relative to Eve’s point of view, is obtained by tracking Bob from the
∣∣∣φbj

0

〉
j

and
∣∣∣φbj

1

〉
j
,

resulting in the following density matrices:

(
ρ

bj
0

)
j
=
∣∣∣Ebj

00

〉
j

〈
E

bj
00

∣∣∣+ ∣∣∣Ebj
01

〉
j

〈
E

bj
01

∣∣∣ (6)

(
ρ

bj
1

)
j
=
∣∣∣Ebj

10

〉
j

〈
E

bj
10

∣∣∣+ ∣∣∣Ebj
11

〉
j

〈
E

bj
11

∣∣∣. (7)

If Alice dispatches the string i applying the coordinate basis b, then the global state

of Eve is the tensor product of these states
(

ρ
bj
ij

)
j
. After revealing the test bits [12], Eve

requires only those values
(

ρ
bj
ij

)
j

, or which sj = 1. The set
{

j
∣∣sj = 1

}
has n elements and is

global. The global corresponding values s, b, x can now be saved as:

ρbs
x =

(
ρi

bj1
j1

)
j1
⊗ . . . ⊗

(
ρi

bjn
jn

)
jn
= ⊗ n

l=1

(
ρi

bl
jl

)
jl

(8)

4.3. Probability of Errors

Supposing that the qubit is under cyberattack by transformation U, as determined
in (1) and (2), then an error emerges if Alice dispatches 0 and Bob measures 1, or if Alice
dispatches 1 and Bob measures 0. Let k be the value Bob has measured, i the value
dispatched by Alice for the concrete qubit, and b the coordinate basis applied by Alice for
encoding i.
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Then, the possibility of Bob measuring the error is expressed as:

pb
ε �

1
2

[〈
Eb

01|E b
01

〉
+
〈

Eb
10|E b

10

〉]
. (9)

4.4. Probability of Errors Occurrence in the Conjugate Basis

Now we study the expression pb
e , where b = 1− b (when 0 = 1, 1 = 0), which responds

to the basis, conjugating to the basis that was given and specified as b.
Cyberattack U is described usually by formulas (1) and (2), in the coordinate basis b.
To compute the probability of error when Alice encodes ij as

∣∣∣ib
j

〉
instead

∣∣∣ib
j

〉
, it is

necessary to represent U in the coordinate basis b. From the Equation (10), it is known that
in this circumstance, the probability of errors is determined by the expression:

pb
ε =

1
2

[〈
Eb

01

∣∣∣Eb
01

〉
+
〈

Eb
10

∣∣∣Eb
10

〉]
(10)

Using the fact that

|0〉b =
1√
2

[ ∣∣∣0b
〉
+
∣∣∣1b
〉
], |1〉b =

1√
2

[∣∣∣0b
〉
−
∣∣∣1b
〉
]

and using linearity U, expressions are derived from (1) and (2):

U
∣∣∣0E
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2
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Replacing
∣∣∣0b
〉

and
∣∣∣1b
〉

in the right parts of expressions on their magnitudes from

the positions
∣∣∣0b
〉
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∣∣∣1b
〉

|, i.e.,
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we receive
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where components for
∣∣∣Eb

01

〉
and

∣∣∣Eb
10

〉
are enclosed in parentheses, we can easily

see that:
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Let us distribute this result applying Equalities 〈φ|ψ〉 =

〈
ψ|φ
〉

and Z +Z = 2Re(Z)

for Z ∈ C (where the complex conjugation is denoted above the line [13]). Using the
Equalities (3) and (4), we obtain the following expressions:
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This expression will be applied to relate the perturbation caused by Eve while Alice is
encoding ij bits in the coordinate basis bj, so sj = 1, with the information which Eve obtains,
while Alice will encode it in this coordinate basis.

According to the principle of «Information against perturbation» [14], the more infor-
mation Eve receives while the encoding is carried out in the coordinate basis b, the more
interference it causes while the bits are encoding and checking in conjugate coordinate basis.
Therefore, it is possible to limit Eve’s knowledge about the key by limiting the allowable
rate (frequency) of errors in this quantum protocol.

5. Security Confirmation of Classical Protocol BB84 against the Collective Cyberattacks

Proof of Security

Let us choose such code dr,m
2n > pa + ε, or some small value ε; then the expres-

sion 2m
√

P
[( |CI |

n ≥ dr,m
2n

)
∧
( |CT |

n ≤ pa

)]
will be less than value P [( |CI |

n > pa + ε) ∧( |CT |
n ≤ pa

)
], which by itself is exponentially small in n.

We can apply Heffding’s selection from [8] (the theorem) for every specific row c1 . . . c2n,
appropriate to all qubit measurements in some valid coordinate basis b. Let X = |CI |

n be the
average value of selection respective to incorrect bits of information;

μ = |CI |+|CT |
2n –is the mathematical expectation X, which is equal to the expression

2μ − X ≤ pa, or is identical to inequality X − μ ≥ μ − pa.
To the rows ( |CI |

n > pa + ε) and
( |CT |

n ≤ pa

)
we will rewrite the conditions as:

(
X − μ > ε + pa − μ

) ∧ (X − μ ≥ μ − pa
)

(16)

whence it follows that using Heffding’s theorem [15], the relation is obtained:

P
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)
∧
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n
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)]
≤ P
[

X − μ >
ε

2

]
≤ e−

1
2 nε2

(17)

It is necessary to make sure that the rate of errors in the bits of information is less than
the maximum speed at which the error correction code can process.

This condition is necessary for the key to be reliable.

6. Security Proof for the Protocol BB84–Info–Z against the Collective Cyberattacks

6.1. General Collective Cyberattack of Eve

Let us assume that, before executing the quantum key distribution (QKD) protocol,
Eve chooses to carry out a collective cyberattack [8]. Let the jth qubit be given, sent by
Alice to Bob. Eve attaches the quantum probe state (at quantum sensing) and applies some
unitary operator Uj to the composite system. Then, Eve holds in her quantum memory
subsystem Ej, which is the state of her quantum probe; next, she dispatches to Bob the
subsystem Tj. This subsystem is the qubit dispatched from Alice to Bob (it may be modified
by Eve’s cyberattack Uj).

The biggest common collective cyberattack Uj of Eve is directed on the jth qubit,
presented by orthonormal coordinate basis. The cyberattack described as:

Uj
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where
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00
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Ej,
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Ej,
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〉
Ej, and

∣∣∣Ebj
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〉
Ej are non–normalized states in Eve’s quantum

probe of system Ej, that was fastened and fixed to jth qubit.
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So, it can be noticed that the quantum probe state can change the initial state of

the composite system product,
∣∣0E〉Ej

∣∣∣ibj
j

〉
Tj, to an entangled state. This implies that

Eve’s cyberattack can cause the entangling of her quantum probe with Bob’s probe (at
quantum sensing).

Firstly, this can clarify the situation, and bring some kind of information about the state
of Bob; secondly, it is the reason for the disturbance, and can be discovered by him. The
information received the day before and the disturbance that Eve caused, by their nature,
are interrelated with their relationship—this is the main reason why the QKD protocols are
secure and safe.

6.2. Proof of Security

As was mentioned earlier [8], the random variable C̃i matches the errors in the string
of bits in information bits if they were encoded in the coordinate basis X. Bits of TEST–X are
also encoded in basis X. The CTX random variable matches the string of bits of the errors, on
these bits. Hence, it is possible to consider the choice of n–bits indexes of information (Info)
and nx–bits TEST–X as a random selection (after n, nz and nx numbers; and bit indexes
TEST–Z, which was selected already) and to apply the theorem of Heffding [9].

Hence, for every string of bits c1 . . . cn + nx, which consists of errors in the bits n + nx
Info and TEST–X, if Info bits were coded in the coordinate basis X, then we can use
Heffding’s theorem: let us take the sample with size n without changing from combination
c1, . . . , cn + nx. In the above discussion [8], the following theorem is actually proven:

Theorem. Let the values δ > 0 and R > 0; for infinite number of values n, the vectors family is
given, which is linearly independent

{
vn

1 , . . . , vn
rn+mn

}
, such, that δ < drn ,mn

n , mn
n ≤ R. Hence, for

anyone pa,Z, pa,X > 0, such, that pa,x + εsec ≤ δ
2 , and for any n, nz, nx > 0 and two final keys k,

k’ that are the mn–bit keys, the distance between the states of Eve, appropriate to k and k’, meets the
following requirements and boundaries:

〈Δ(pa,z ,pa,x)
Eve

(
k, k′
)〉 ≤ 2Rne−( nx

n+nx )
2nε2

sec . (20)

6.3. Reliability

By itself, the security is insufficient; it is also necessary that the key be reliable. More
specifically, it must be identical for Alice and Bob [16]. It assumes it a need to ensure
that quantity of errors in the Info bits was less than the maximum error number, which
can be rectified by the error correction code. To do this, it is necessary that the code for
error correction can really correct the errors. Consequently, the final key reliability, having
exponentially low failure probability, is provided by the inequality below:

P
[( |Cl |

n
> pa,z + εrel

)
∧
( |CTz |

nz
≤ pa,z

)]
≤ e−2( nz

n+nz )
2nε2

rel (21)

The choice of the Info bits indexes, and the bits of TEST–Z, is random separation of
n + nZ bits into two subsets, with sizes n and nZ (provided that the bits indexes of TEST–X
was already selected). Thus, it matches Heffding’s sample.

7. Protocol CSLOE–2022 (BB84–CSLOE–2022)

It is recommended to become acquainted with the new modification proposed by the
authors and named CSLOE–2022, for the old but still effective quantum protocol using
the quantum distribution of the key–BB84. For the protocol BB84, it is possible to modify
significantly the cryptographic strength and degree of entanglement of the listener, which
in their perspective will complicate the possibility of intercepting information from such an
interceptor (or cryptanalyst) targeting confidential messages.

It is known that after coordination of the coordinate bases in the classic protocol BB84,
an interceptor can receive accurate information about the transmitted state.

71



Electronics 2022, 11, 3954

The final purpose of modification is to complicate eavesdropping process to the point
of uselessness, in terms of spending time and resources, as well as to confirm the guesses
about the real possibility of using such a method. The idea consists in the following: it is
known that the process of replicating the quantum state, recorded as ψ → ψ⊗ψ, (cloning)
can be performed perfectly, with probability of 1, then and only then if the coordinate
basis to which ψ refers is understood and known [17]. Otherwise, the ideal cloning is
not possible, since the copies are not perfect. These are contents and consequences of the
theorem prohibiting quantum information cloning. This circumstance will be useful.

If it is impossible to reproduce an exact clone of a photon, in order to obtain information
from it, it is necessary to measure the characteristics of the original. The only way to
measure the characteristics of the photon is to use a detector of single photons. However,
as soon the photon reaches the detector, it transmits energy and disappears. That is, the
measurement destroys the photon itself [9]. It is worth considering that each photon is
unique [18]. However, it is possible to create some kind of photon (kind of similarity). It
is known, thanks to quantum teleportation, that it is possible to obtain an exact copy of a
photon [17], which, in turn, can be used also to construct such a similarity. For simplicity,
we call it a «pseudo-photon». The interceptor will perceive such a pseudo-photon either as
a real photon with its own specific set of characteristics, or as some distortion in the channel.

To detect and recognize such a clone in the communication channel, it is necessary
to make considerable efforts. In the theory, at the first stage, as in the classic protocol
BB84, Alice will communicate with Bob via the quantum communication channel. In turn,
Alice will transmit to Bob the modified sequence consisting of cloned pseudo–photons and
forming a dictionary (glossary) for each bit with corresponding polarization.

As mentioned earlier, the pseudo-photon will be a kind of photon created artificially [4].
In each concrete case, it is possible to form new sequences that generate the dynamic
dictionary, thereby reducing the repetition during encryption.

Knowing that each photon is unique [18], one pseudo-photon cannot be used for each
bit, but the whole group with a certain range of values that will be corrected, rectified,
adjusted, shifted or expanded can [19].

Each bit, or their sequence, even if they are repeated, will have random pseudo-
photons from a certain range of values that are attributed to the concrete bit or bit sequence.
When sending the dictionary for decoding, it is possible to send it in parts, to maintain
secrecy, and to avoid declassification.

If listening is detected at this first step, the dictionary can be expanded and the
intercepted part discarded, as was described earlier [20], or data transmitting can be
stopped and a new dictionary created. After successful transmission of the dictionary, it
is possible to start sending encoded messages via the communication channel in which
real photons, as well as their created copies, will alternate and have absolutely random
positions in the sequence. It is worth noting that the protocol can be further complicated.
For example, four quantum states can be used to encode bits in two coordinate bases, which
corresponds to the quantum protocol BB84 (4 + 2) [21]. Further, such a protocol works
according to the classical scenario, but using the dictionary–glossary.

Every time Bob receives a qubit, he reports it to Alice, but does not measure it. Sub-
sequently, for each photon and pseudo-photon which Bob obtains, he will measure the
value of polarization on the randomly selected coordinate basis, applying it to his state. If
Bob has chosen the same coordinate basis of state for the particular photon, then when he
performs transformation Hb, as Alice does, then he goes into the same state. Then, Bob
must measure the same polarization in the string iB. Hence, he can output properly the bit
that Alice was going to dispatch in that case, if there is no noise orsigns of eavesdropping
in the communication channel.

On the second step, Bob must tell Alice, using any unsecured communication channel,
which coordinate basis he applied to quantify and to measure every photon. Then, Alice
informs Bob which photons were real by sending the encrypted ranges, and informs him
whether he has chosen the right coordinate basis for every original photon.
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On this step, Alice and Bob reject the bits corresponding to pseudo-photons and the
bits that Bob have quantified and measured in other coordinate bases. If there were no
errors and nobody manipulated the photons, Bob and Alice must acquire the same bits
string that is named as the sifted key (Table 1). The example below (Figure 3) demonstrates
the bits which Alice selected [22]; the coordinate bases in which she encoded it; and bases
that Bob used to measure them. In addition, the sifted key, obtained in the result, is
demonstrated after Bob and Alice rejected their bits.

Table 1. Sifted key.

Bit of Alice 0 1 1 0 1 0 0 1

Basis of Alice × + + × + × + ×
Polarization of Alice  ↑ → → ↑  

Basis of Bob × × × + + × + +

Measurement of Bob   → → ↑ →
Public discussion × + + * + × + *

Shared secret key 0 1 0 0

↑, →, ,  —is the state of polarization of photon 1, 0 at angles 0◦, 45◦, 90◦, 135◦.

Figure 3. Results of the protocol CSLOE–2022 work.

The principle of imperfect replication is not new, and it is used often in telecommuni-
cations practice. In fact, information transmitted in optical fibers is encoded in the light
state; thus, this process is quantum coding [23]. The information is strengthened several
times on the way from source to receiver; hence, its quality must deteriorate. However,
the telecommunication signal includes a large amount of photons being prepared in an
identical quantum state. Strengthening in telecommunications boils down to creating
several new copies of ψ from ψ ⊗ N.

That is, the theorem of prohibition of cloning is applied to the amplification of the
telecommunication signals, due to the fact that spontaneous radiation is usually available
in the amplifiers. Nevertheless, the copy is practically ideal, as the stimulated radiation is
the dominant effect. In addition, the sensitivity of modern equipment is quite high, and
at this stage is such that quantum limitation must be achieved in the nearest future. Thus,
information encoding following the theorem of the prohibition of cloning can also be useful
for quantum key distribution protocols [24].

The impossibility of exact and accurate copying of quantum information cannot
negate the whole conception of the quantum information. On the contrary, it serves as
a demonstration and illustration of power. It is impossible to copy the state of a certain
quantum system for intelligent information coding completely using a set of states which
are non–orthogonal.

Therefore, if a similar system reaches the receiver undisturbed, that proves that no
opponent has copied it. This means that, due to the theorem of the prohibition of cloning,
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quantum information supports the tools to complete such tasks, which are impossible to
solve applying only familiar information. For example, the detection of any eavesdropping
device on the communication channel is possible only with the application of the ideas of
quantum cryptography.

7.1. Cloning Methods

Let us consider the possible methods of non–ideal cloning of discrete quantum systems,
which are performed in the protocol BB84.

There are several variants of such machines:

(1) Optimal symmetric universal quantum copying machine (UQCM) proposed by
Vladimir Bužek (Buzhek, in various sources is spelled differently)–Mark Hillery
(BH) in 1996;

(2) Symmetric universal quantum copying machine (UQCM) proposed by Nickolas
Gisin–Serge Massar and their scientific group in 1997;

(3) Asymmetric universal quantum copying machine (copier)–UQCM.

The symmetric UQCM qubits cloning for 1 → 2, developed by Buzhek and Hillery (BH)
accepts the cloning qubit as input, and uses the separate qubit as an auxiliary qubit [25].
The action of such a universal quantum–copying machine in the computational base of
initial original qubit is described by the expression:

|0〉|R〉|M〉 →
√

2
3
|0〉|0〉|1〉 −

√
1
3

∣∣ψ+
〉|0〉

(−|1〉)|E〉|M〉 →
√

2
3
|1〉|1〉|0〉 −

√
1
6

∣∣ψ+
〉|1〉

(22)

where ψ+〉 = 1√
2
[|1〉|0〉+ |0〉|1〉]. By its linearity, these ratios cause the next action on the

most common and general input state: |ψ〉 = α|0〉+ β|1〉 :

|ψ〉|R〉|M〉 →
√

2
3
|ψ〉|ψ〉

∣∣∣ψ⊥
〉
−
√

1
6

[
|ψ〉
∣∣∣ψ⊥
〉
+
∣∣∣ψ⊥
〉
|ψ〉
]
|ψ〉 (23)

where
∣∣ψ⊥ 〉 = α ∗ |1〉 − β ∗ |0〉.

As can be seen from the Equation (23), α and β can swap their places. In addition, for
all input states, this transformation has the similar shape |ψ〉.

Therefore, the quantum copying machine (QCM) is universal and symmetric. For the
original and the copy, its partial states are expressed as:

ρA = ρB =
5
6
|ψ〉 〈ψ|+ 1

6

∣∣∣ψ⊥
〉 〈

ψ⊥
∣∣∣ = 1

2

(
1 +

2
3

m̂ +
⇀
σ

)
(24)

The symmetric universal quantum copying machine for NM qubits was developed by
Nickolas Gisin and Serge Massar in 1997. It generalizes the Buzhek–Hillery UQCM, and its
correctness is determined by the following expression:

FN→M =
MN + M + N

M(N + 2)
(d = 2) (25)

which reproduces F1→2 = 5
6 for N = 1 and M = 2.

Gisin and Massar provided numerical proofs of the optimality of their universal
quantum copying machine. Later, Dagmar Bruss, Artur Eckert and Chiara Machiavelli gave
analytical proof for this optimality in 1998. They suggested that the output state appertains
to the M qubits symmetric subspace. Further, Reinhard Werner generalized this outcome
for the quantum systems of whatever dimension [26].

The universal and asymmetric cloning relate to such a state of affairs where the
resulting clones may have varying accuracy in reproduction.
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We should concentrate on universal cloning 1 → 1 + 1. Several researchers studied
cases that are more general in 2005. Let us look at some of these ideas with their experi-
mental implementation. In the detailed research of cloning 1 → 1 + 1, Chi–Sheng Niu and
Robert Griffiths, in 1998, obtained, in particular, the optimal asymmetric universal quantum
copying machine 1 → 1 + 1. Nickolas Cerf in 1998 and 2000 independently obtained the
same result. He used the algebraic method, along with Vladimir Bužek and Mark Hillery in
1998 [27], who developed the method of quantum schemes, which was improved compared
to the previous construction used for symmetric cloning.

Optimality is illustrated by confirming and proving the accuracy of reproduction of
two clones, FA and FB, that confirms the inequality of non–cloning:

√
(1 − FA)(1 − FB) ≥ 1

2
− (1 − FA)− (1 − FB) (26)

The authors managed to extend the development of their schemes far beyond the
individual case of qubits. Based on the above, to improve the cryptographic strength of
protocol BB84, the universal quantum copying machine (UQCM) of Bužek–Hillery is best
suited, as it is the simplest quantum copier to implement all the concepts discussed above.

7.2. Comparison of Protocols

Since the protocols BB84, BB84–Info–Z and the CSLOE–2022 modification proposed
by the authors have a lot in common, several parameters can be distinguished for their
comparison. Let us start by comparing the threshold of errors.

This parameter is necessary to determine whether there was eavesdropping. In the
practical implementation of the protocol of quantum keys distribution (QKD), the disad-
vantages of individual separate components will always show and manifest themselves,
and some qubits will be unsuitable for the forming of a secret key.

In addition, listening to the quantum channel makes changes to the transmitted qubits,
which also prevents them from being used when forming the secret key.

In the case of the classic protocol BB84, the threshold value of the error rate is 11% [28].
For an ideal model, the number of bits received as the result, the final secret key (R) for the
bit of the sifted key, is expressed by the relationship:

R = 1 − 2 H(QBER), (27)

where the value H is the binary entropy of Shannon and QBER is number of errors measured
by Bob. The dependence of R on QBER is demonstrated in the Figure 4:

This may not always be the case. The quality of execution of the equipment imple-
menting the protocol may allow reducing the threshold.

In the protocol BB84–Info–Z, in addition to the information qubits responsible for key
generation, the test qubits X and Z are used [7].

They are necessary for the eavesdropping check. The error threshold for this modifica-
tion is slightly smaller, at 7.56% [9] (Figure 5).

For the modification proposed by the authors of CSLOE–2022, the threshold of errors
is theoretically similar to the original one, since during key formation, imperfect copies
of photons used to achieve the entanglement of a listener (eavesdropping interceptor) are
discarded, and then the originals are checked, as in the classical protocol. On the other
hand, when trying to listen, it is unlikely that the photons will be distorted, since their
quantity is significantly lower than the number of copies.
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Figure 4. Error threshold for protocol BB84.

 

Figure 5. Safe zone of asymptotic rates of errors for BB84–Info–Z protocol.

From publication [17] it is known that the code of Steane (CSS), otherwise known as
Calderbank–Shor–Steane, is the tool of quantum error correction, introduced by Andrew
Steane in 1996. Steane’s code uses the classical binary Hamming’s code to correct the errors
of the qubit flip (X–errors) and the double Hamming code to correct the errors of the phase
flip (Z–errors), in practice allowing:

1 − 2 ∗ H(δ)]n (28)

qubits, where δ–number of measured errors, and n–length of qubits sequence.
If expression (28) would be written as: f (x) = 1 − 2 ∗ H(x), then the chart (graph) will

intersect the axis X at the point 0.11, which gave us the threshold of errors of 11% in the
classical quantum protocol BB84 [29].

For the protocol CSLOE–2022, the dependence of the number of bits of the final
resulting secret key R from the quantity of recorded and fixed errors QBER is preserved,
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as is shown in Figure 6, since all photons, both the original and their copies in the form of
pseudo-photons, will be distorted during transmission. Thus, the comparison of protocols
by the threshold of errors can be observed in Table 2:

 
Figure 6. The threshold of errors for the modification CSLOE–2022 proposed by the authors.

Table 2. Comparative characteristics of protocols by threshold of errors.

Protocol Error Threshold

BB84 11%

BB84–Info–Z 7.56%

CSLOE–2022 11%

The protocol BB84–Info–Z differs for the better from all the others, since a much
smaller threshold of errors will allow the eavesdropping intruder to receive significantly
less information about the secret key.

Another important parameter is the working distance. The protocols of quantum
keys distribution (QKD) operate with single photons, which can be distorted during
transmission. Therefore, the working distance is relatively small. For example, for protocol
BB84, it is about 70 km [30]. When implementing the protocols DPS and COW, it became
possible to reach distances of 250 and 307 km, respectively, but their safety has not yet
been proven.

Based on the findings of the research, it was suggested that in the case of using pseudo-
photons, it is impossible to declare the numbers of photon losses correctly. If the losses
occur from the number of pseudo-photons, and they are used as the trap and entanglement,
they may have completely different behavior and completely different interactions, which
can lead to both a decrease in losses, or an increase. To declare this confidently without
conducting a series of experiments is incorrect and unpredictable. In the case of the
protocols BB84 and BB84–Info-Z, the loss of photons is particularly significant. However,
the feature of the CSLOE–2022 protocol is its modularity and application of pseudo-photons,
which fundamentally distinguishes it from its predecessors.

Therefore, it is possible to make another hypothesis to rely on it, and refer to the
fact that the method is based on the cloning of pseudo-photons. At large distances, the
transmission of information with photons is carried out with large losses of (η � 0), and
this limitation can be exceeded only by using quantum repeaters. In turn, they will have to
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be used without limitation for the transmission of recreated pseudo-photons. In addition,
it is necessary to be able to combine them with ordinary photons which can be transmitted
without repeaters at all.

It is known that quantum communications guarantee the reliable transmission of
quantum information and efficient distribution of entanglement, together with the gen-
eration of completely secure keys. However, it should be borne in mind that, at long
distances, photon transmissions incur significant losses. Quantum repeaters can surpass
this limitation. The article [31] discusses the theoretical aspects of the possible limit for
ensuring the transmission of information without repeaters.

Relying on this article is possible if the objective is to increase the distance between
repeaters. However, the studies themselves given in [31] are difficult to use for the clear
practical application without conducting of series of experiments, and especially in combi-
nation of multi-qubit states, which is what some scientists are trying to practice now.

However, in the case considered by the authors, pseudo-photons are used (that is,
recreated from real photons with clear differences), which, in turn, may display completely
different, unpredictable behavior. This can lead to both a decrease in the losses or an
increase in them. In the case of real photons, for the channel with losses, the article [31]
proves that Q2 = K = − log2(1 − η), where η is the coefficient of transmission. In particular,
the transmission capacity of the secret key of the channel with losses is the maximum speed
achievable with any optical implementation of the quantum key distribution (QKD). At
large distances, that is, with large losses, η � 0, finding the optimal scaling of losses and
the speed of K � 1.44 η secret bits per channel use, the fundamental limitation is obtained,
which, at this point in time, can be overcome, practically, only with repeaters.

A team of Chinese physicists succeeded in transmitting a secret quantum key at a
distance of 511 km in real-world conditions [20]. They were thus able to implement the
quantum line of data transmission outside laboratory conditions.

Physicists continue to search for different ways to increase the distance to hundreds
and thousands of kilometers, developing repeaters for existing protocols, as well as new
ones. For example, the protocol of the twin fields TF (Twin Field). Unlike the standard
protocol, for example, BB84, in which Alice directly sends photons to Bob, the protocol
TF [32] includes an additional Charlie node, which is located between Alice and Bob. In
that case, Alice and Bob carry out the transfer and transmit their information on the weak
coherent pulse to Charlie, who compares them and announces whether the received bits
coincide or not.

However, Charlie has no information about the bits he has received; he can only
compare them and declare whether they have coincided at the moment or not, so Charlie is
considered to be an untrusted node.

This approach allows exceeding the known limit of the key generation rate without
repeaters. It uses two photon sources, the phases of which, in addition to hundreds of
kilometers of optical fiber between them, are not easy to stabilize.

Thus, we can summarize the comparison of protocols BB84, BB84–Info–Z and CSLOE–
2022 by working distance and record the results in Table 3:

Table 3. Working distance of protocols.

Protocol Working Distance

BB84 70 km

BB84–Info–Z 70 km

CSLOE–2022 511 km
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8. Conclusions

The article shows that the quantum protocol BB84–Info–Z is protected completely
from collective attacks—one of the most powerful cyberattacks.

It is found that the results of the quantum protocol BB84 have much in common with
the BB84–Info–Z quantum protocol, with two significant exceptions:

1. The rate of errors should be checked separately so that it remains below the threshold
values pa, z and pa, x for bits TEST–Z and TEST–X; accordingly, when in the quantum
protocol BB84, the threshold value of error rate pa is applied to all bits of TEST
jointly [7].

2. The indexes and information indicators of the interceptor Eve (in security terms) and
probability of the error-correcting code failure (in reliability terms) differ from the
indexes and indicators in the case of classical quantum protocol BB84 [8].

It can be concluded that if the quantum protocol BB84 is modified so that the bits Info
would be only at the coordinate basis Z, this will not weaken its reliability and security
(against the collective cyberattacks, at least). It will not even change the threshold of the
asymptotic rate of errors [8].

Protocol BB84–Info-Z can be applied safely to distribute the secret key; its security has
ideal implementation, and it is protected against collective cyberattacks.

It is shown that modification of classical quantum protocol BB84 (CSLOE–2022) pro-
posed by the authors could be used for quantum key distribution, since the applied
principle of imperfect copying does not violate the laws of physics, but allows increasing
the cryptographic strength of the protocol. So far, this modification is just an idea, and it
needs to be proven by a series of practical experiments using specific equipment.

However, it is known that the principle of imperfect copying has already been applied
experimentally in communication channels, as is mentioned in [33–47], which makes it
possible to transmit information over much longer distances.

Nevertheless, for quantum key distribution, there are other requirements for the
quality of performance of individual components.

Therefore, these new ideas are being put forward, and engineers are given specific
tasks in order to prove the correctness of the new hypotheses.

Further, the authors plan to research the optical quantum memory of photons and
pseudo-photons for the possibility of recording information into them. Based on the data
obtained, it is necessary to identify theoretical limitations as well as to find the ways to level
and neutralize them, both for photons and for pseudo-photons recreated on their basis.
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Quality Modes in GaAs Nanobeam Cavities. Opt. Lett. 2014, 39, 5673–5676. [CrossRef]
13. Cerf, N.; Ipe, A.; Rottenberg, X. Cloning of Continuous Quantum Variables. Ecole Polytechnique, CP 165. Phys. Rev. Lett. 2000, 85,

1754–1757. [CrossRef]
14. Fuchs, C.; Peres, A. Quantum–State Disturbance versus Information Gain: Uncertainty Relations for Quantum Information. Phys.

Rev. 1996, 53, 2038–2045. [CrossRef]
15. Skori’c, B.; Wolfs, Z. Diagrammatic Security Proof for 8–State Encoding. arXiv 2021, arXiv:2103.01936v1.
16. Morimae, T. Quantum Randomized Encoding, Verifification of Quantum Computing, No–Cloning, and Blind Quantum Computing;

Yukawa Institute for Theoretical Physics, Kyoto University: Kyoto, Japan, 2020.
17. Schimpf, C.; Reindl, M.; Huber, D.; Lehner, B.; Silva, S.; Manna, S.; Vyvlecka, M.; Walther, P. Quantum Cryptography with Highly

Entangled Photons from Semiconductor Quantum Dots. arXiv 2020, arXiv:2007.12726v1. [CrossRef] [PubMed]
18. Tan, X. Introduction to Quantum Cryptography; IntechOpen: London, UK, 2013. [CrossRef]
19. Shor, P.; Preskill, J. Simple Proof of Security of the BB84 Quantum Key Distribution Protocol; AT&T Labs Research: Florham Park, NJ,

USA, 2000.
20. Huttner, B.; Imoto, N.; Gisin, N.; Mor, T. Quantum cryptography with coherent states. Phys. Rev. A 1995, 51, 1863–1869. [CrossRef]

[PubMed]
21. Djordjevic, I. Quantum Information Processing, Quantum Computing, and Quantum Error Correction, 2nd ed.; Academic Press:

Cambridge, MA, USA, 2021. [CrossRef]
22. Bouwmeester, D.; Pan, J.-W.; Mattle, K.; Eibl, M.; Weinfurter, H.; Zeilinger, A. Experimental quantum teleportation. Nature 1997,

390, 575–579. [CrossRef]
23. Houça, R.; Belouad, A.; El Choubabi, B.; Kamal, A.; El Bouziani, M. Quantum teleportation via a two-qubit Heisenberg XXX chain

with x-component of Dzyaloshinskii–Moriya interaction. J. Magn. Magn. Mater. 2022, 563, 169816. [CrossRef]
24. Yang, L.; Liu, Y.C.; Li, Y.S. Quantum Teleportation of Particles in an Environment. Chin. Phys. B 2020, 29, 060301. [CrossRef]
25. Chen, J.; Zhang, C.; Liu, Y.; Li, Y.; Liu, H.; Jiang, H.; Chen, T.; Zhang, Q.; Pan, J. Twin–Field Quantum Key Distribution over 511

km Optical Fiber Linking two Distant Metropolitans areas. Nat. Photon. 2021, 15, 570–575. [CrossRef]
26. Nang Paing, S.; Setiawan, J.W.; Tariq, S.; Talha Rahim, M.; Lee, K.; Shin, H. Counterfactual Anonymous Quantum Teleportation in

the Presence of Adversarial Attacks and Channel Noise. Sensors 2022, 22, 7587. [CrossRef] [PubMed]
27. Gisin, N. Quantum Randomness. Non–Locality, Teleportation and Other Quantum Wonders; Alpina non–fiction: Moscow, Russia,

2018; 208p.
28. Safaryan, O.A.; Lemeshko, K.S.; Beskopylny, A.N.; Cherckesova, L.V.; Korochentsev, D.A. Mathematical Analysis of Parametric

Characteristics of the Consensus Algorithms Operation with the Choice of the Most Priority One for Implementation in the
Financial Sphere. Electronics 2021, 10, 2659. [CrossRef]

29. Wang, Y.; Hu, M.-L. Quantum Teleportation and Dense Coding in Multiple Bosonic Reservoirs. Entropy 2022, 24, 1114. [CrossRef]
[PubMed]

30. Wen, X.; Chen, Y.; Zhang, W.; Jiang, Z.L.; Fang, J. Blockchain Consensus Mechanism Based on Quantum Teleportation. Mathematics
2022, 10, 2385. [CrossRef]

31. Pirandola, S.; Laurenza, R.; Ottaviani, C.; Banchi, L. Fundamental limits of repeaterless quantum communications. Nat. Commun.
2017, 8, 15043. [CrossRef] [PubMed]

32. Lucamarini, M.; Yuan, Z.; Dynes, J.; Shields, A. Overcoming the Rate–Distance Limit of Quantum Key Distribution without
Quantum Repeaters. Nature 2018, 557, 400–403. [CrossRef] [PubMed]

33. Yan, F.; Wang, D. Probabilistic and controlled teleportation of unknown quantum states. Phys. Lett. A 2003, 316, 297–303.
[CrossRef]

34. Khawasik, M.; El-Sayed, W.G.; Rashad, M.Z.; Younes, A. A Secured Half-Duplex Bidirectional Quantum Key Distribution Protocol
against Collective Attacks. Symmetry 2022, 14, 2481. [CrossRef]

80



Electronics 2022, 11, 3954

35. Cardoso-Isidoro, C.; Delgado, F. Shared Quantum Key Distribution Based on Asymmetric Double Quantum Teleportation.
Symmetry 2022, 14, 713. [CrossRef]

36. Blunt, N.S.; Camps, J.; Crawford, O.; Izs’ak, R.; Leontica, S.; Mirani, A.; Moylett, A.E.; Scivier, S.A.; S¨underhauf, C.;
Schopf, P.; et al. A Perspective on the Current State–of–the–art of Quantum Computing for Drug. arXiv 2022, arXiv:2206.00551.

37. Chamberland, C.; Noh, K.; Arrangoiz–Arriola, P.; Campbell, E.T.; Hann, C.T.; Iverson, J.; Putterman, H.; Bohdanowicz, T.C.;
Flammia, S.T.; Keller, A.; et al. Building a Fault–Tolerant Quantum Computer Using Concatenated Cat Codes, PRX Quantum 3.
arXiv 2022, arXiv:2012.04108.

38. Chamberland, C.; Campbell, E.T. Universal Quantum Computing with Twist–Free and Temporally Encoded Lattice Surgery. PRX
Quantum 2022, 3, 010331. [CrossRef]

39. Kivlichan, I.D.; Gidney, C.; Berry, D.W.; Wiebe, N.; McClean, J.; Sun, W.; Jiang, Z.; Rubin, N.; Fowler, A.; Aspuru–Guzik, A.; et al.
Improved Fault-Tolerant Quantum Simulation of Condensed–Phase Correlated Electrons via Trotterization, Quantum 4. arXiv
2020, arXiv:1902.10673. [CrossRef]

40. Lu, D.; Li, Z.; Yu, J.; Han, Z. A Verifiable Arbitrated Quantum Signature Scheme Based on Controlled Quantum Teleportation.
Entropy 2022, 24, 111. [CrossRef] [PubMed]

41. Hermans, S.L.; Pompili, M.; Beukers, H.K.C.; Baier, S.; Borregaard, J.; Hanson, R. Qubit Teleportation between Non–nbeighbouring
Nodes in a Quantum Network. Nature 2022, 605, 663–668. [CrossRef]

42. Sun, Q.-C.; Mao, Y.-L.; Chen, S.-J.; Zhang, W.; Jiang, Y.-F.; Zhang, Y.-B.; Miki, S.; Yamashita, T.; Terai, H.; Jiang, X.; et al. Quantum
teleportation with independent sources and prior entanglement distribution over a network. Nat. Photon. 2016, 10, 671–675.
[CrossRef]

43. Xu, J.; Chen, X.; Xiao, H.; Wang, P.; Ma, M. A Performance–Consumption Balanced Scheme of Multi-Hop Quantum Networks for
Teleportation. Appl. Sci. 2021, 11, 10869. [CrossRef]

44. Wu, H.; Liu, X.; Zhang, H.; Ruan, X.; Guo, Y. Performance Analysis of Continuous Variable Quantum Teleportation with Noiseless
Linear Amplifier in Seawater Channel. Symmetry 2022, 14, 997. [CrossRef]

45. Benatti, F.; Floreanini, R.; Marzolino, U. Entanglement and Non-Locality in Quantum Protocols with Identical Particles. Entropy
2021, 23, 479. [CrossRef]

46. Raj, R.; Banerjee, S.; Panigrahi, P.K. Remote State Design for Efficient Quantum Metrology with Separable and Non-Teleporting
States. Quantum Rep. 2021, 3, 228–241. [CrossRef]

47. Liss, R.; Mor, T. Quantum Communication—Celebrating the Silver Jubilee of Teleportation. Entropy 2020, 22, 628. [CrossRef]
[PubMed]

81





Citation: Roslan, N.A.; Supangat, A.;

Sagadevan, S. Investigation of

Charge Transport Properties in VTP:

PC71BM Organic Schottky Diode.

Electronics 2022, 11, 3777. https://

doi.org/10.3390/electronics11223777

Academic Editor: Lucas Lamata

Received: 7 October 2022

Accepted: 14 November 2022

Published: 17 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Investigation of Charge Transport Properties in VTP: PC71BM
Organic Schottky Diode

Nur Adilah Roslan 1,2,*, Azzuliani Supangat 2 and Suresh Sagadevan 3,*

1 Department of Physics, Faculty of Science, Universiti Putra Malaysia, Serdang 43400, Selangor, Malaysia
2 Low Dimensional Materials Research Centre, Department of Physics, Faculty of Science, University of Malaya,

Kuala Lumpur 50603, Malaysia
3 Nanotechnology & Catalysis Research Centre, University of Malaya, Kuala Lumpur 50603, Malaysia
* Correspondence: nur.adilah@upm.edu.my (N.A.R.); drsureshsagadevan@um.edu.my (S.S.)

Abstract: In this work, the charge transport properties of organic vanadyl 3,10,17,24-tetra-tert-butyl-
1,8,15,22-tetrakis(dimethylamino)-29H,31H phthalocyanine (VTP) were investigated. The I-V profile
demonstrated by single VTP shows a rectifying behavior, and Schottky diode parameters such as
the ideality factor, barrier height, shunt, and series resistance were calculated. Further, the charge
transport behavior of single-layer VTP and its blend with phenyl C71 butyric acid methyl ester
(PC71BM) was evaluated using the I-V conventional method and diode analysis. In addition, the
optimized diode properties of VTP: PC71BM were chosen to evaluate its photovoltaic effect. The
current density-voltage (J-V) characteristics were evaluated in both dark and light conditions to
determine the key parameters of the photovoltaic effect. The results indicate the optimized VTP:
the PC71BM composite blend yielded a relatively low photovoltaic efficiency. However, due to
the presence of extended ligands, it gives a very good sensitivity when applied in the organic
photodetector device, as reported in our previous work.

Keywords: organic electronic devices; VTP; J-V characteristics; photoactive films

1. Introduction

Organic electronic devices have gradually made their way into the commercial market
to replace conventional inorganic electronic devices. The desire to improve the perfor-
mance of organic semiconductor materials has prompted many researchers to look for
new materials. Metal phthalocyanines (MPcs), in particular, have sparked considerable
interest due to their enticing benefits, which include cost efficiency, eco-friendly organic
material, and thermal and chemical stability. Organic materials have been widely evalu-
ated in recent decades to overcome several shortcomings of their inorganic counterparts
in optoelectronic applications. Some unique properties of organic materials, such as an
enhanced sensitivity, cost-effectiveness, environmental friendliness, and the suitability
of simple fabrication methods such as spin coating, drop casting, dip coating, and spray
coating directly from liquid solutions, are advantageous for the fabrication of organic
photovoltaics (OPVs) [1,2]. Over the years, bulk heterojunction (BHJ) OPV and organic
photodiodes (OPDs) have been extensively researched, in which an acceptor and a donor
are blended in the photoactive medium to develop a donor/acceptor (D/A) interface at
the molecular level [3–5]. MPcs containing heterocyclic macrocyclic organic compounds
have been thoroughly evaluated for many applications [6,7]. Several MPcs, including
VOPcPhO [8–13], were used to evaluate OPVs and OPDs [8–11].

Organic devices such as organic field effect transistors (OFET) and organic photo-
voltaics (OPVs) can lead to the next level of advancement by using a fundamental device
such as a metal/organic/metal-based Schottky diode [14]. One electrode in a Schottky
diode is Ohmic (injecting), and the other is blocking [14]. The slope and intercept of the J-V
characteristic in the linear and saturation regions can be used to calculate the ideality factor
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and carrier mobility, respectively [14]. A Schottky diode is a metal-semiconductor that is in
contact with rectification properties, similar to a p-n junction diode [15]. A Schottky diode
is a majority carrier device, as it has a fast switching speed [15]. In theory, both p-type
and n-type semiconductors can be used to fabricate Schottky diodes from a wide range
of semiconducting materials, including organic semiconductors [15]. To make a Schottky
contact with semiconductors, metals such as Pd, Pt, Au, Ti, Al, W, Cr, molybdenum, and a
few metal silicides, are used [15]. Various Schottky diode configurations have previously
been studied, fabricated, and tested [16,17].

In this study, a vanadium metal complex MPc, known as VTP, is proposed. With the
exception of its different extended ligands, the aromatic structure of VTP is similar to that
of VOPcPhO. Essentially, the ligands in VTP have the potential to change the molecule’s
photoabsorption sensitivity [18,19]. VTP has yet to be used as the active layer in the
fabrication of OPVs. Based on the combination of their absorption properties, this study
incorporated a blend of two organic compounds; a network structure is bound to improve
charge separation and photogenerated charge carrier transport [20]. VTP is introduced as a
donor material with distinct absorption properties, especially in the lower visible region [21].
The VTP and PC71BM have relatively exceptional hole-transport and electron-transport
abilities, respectively [22], making them highly sought donor and acceptor components. The
absorption of both materials plays an important role in capturing specific light wavelengths
within the visible range. Light absorbance in the lower wavelength region of the visible
spectrum is expected to increase due to the synergic absorption profile of the VTP and
PC71BM matrix. Earlier, we reported a composite blend of VTP:PC71BM as an organic
photodetector (OPD). The electrical characteristics of the OPD demonstrated improved
sensing performances, and this could be attributed to the judicious selection of donor and
acceptor components, which represented VTP and PC71BM, respectively [19]. Therefore,
in this study, the VTP: PC71BM composites were utilized to study the charge transport
properties and to investigate the photovoltaic effect of the composite blend.

2. Experimental Section

VTP and PC71BM were purchased from Sigma Aldrich (St. Louis, MO, USA) and used
without modification. Each material was separately dissolved in chloroform to produce
a 10 mg/mL solution, which was then continuously stirred for hours. VTP and PC71BM
were mixed in three different volume ratios (1.0:1.0, 1.0:1.2, and 1.0:1.4), then stirred in a
nitrogen-filled glove box for an hour. The experimental approach was briefly discussed in
our earlier publication [19].

3. Results and Discussion

Figure 1 depicts (a) the molecular structure of VTP and PC71BM, (b) the schematic
diagram of OPVs and OPDs, (c) a cross-section Field Effect Scanning Electron Microscopy
(FESEM) image of the prepared samples, (d) the energy level diagram reported previously
and (e) schematic diagram of energy levels for Schottky diode [19,23]. According to
Figure 1c, the thicknesses of the PEDOT: PSS, active layer (VTP: PC71BM), and aluminum
(Al) were 40, 65, and 75 nm, respectively.

The measurement of current-voltage (I-V) characteristics in a dark setting is extremely
useful for evaluating junction properties. This analysis produced significant parameters
such as the ideality factor, rectification ratio (RR), reverse saturation current, barrier height,
shunt and series resistance. The illumination setting was omitted due to minor fluctuations
in the light intensity that could cause significant noise to the device, making production
difficult. In the case of dark I-V measurements, charge carriers are injected into the circuit
using current rather than light-generated carriers. Figure 2 depicts the semi-logarithmic
plot of I-V curves of the ITO/PEDOT: PSS/VTP/Al device, which was analyzed in dark
conditions at room temperature. According to Figure 2, the device displayed a rectifying
behavior that resembled a non-linear and asymmetric diode at room temperature (300 K).
The RR is the forward current to reverse current (IF/IR) ratio at a given applied voltage.
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Its value is determined by the bias, which reflects the increased charge injection into the
active layer. The RR value of the tested device was 1.6 at ± 0.5 V, which is attributable
to the formation of the space charge layer at the interface [24]. The recorded RR value is
comparable with the MPc group, as reported in past studies [20,25,26]. Predominantly, in
relation to the Schottky barrier diode, the thermionic emission theory predicts that the I-V
characteristics at the forward bias are given as follows:

I = Io exp
(

qV
nkT

)[
1 − exp

(−qV
nkT

)]
(1)

where Io is given as follows:

Io = AA∗T2 exp
(−qΦb

kBT

)
(2)

Figure 1. (a) The molecular structure of VTP (Roslan et al., 2018) [19] and PC71BM (b) device
structure [19], (c) cross-section image of the prepared sample [19], (d) Energy level diagram [19], and
(e) schematic diagram of energy levels of Schottky diode.

Figure 2. Current-voltage characteristics of VTP-based solar cell in semi-logarithmic scale.
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Io denotes the saturation current, V refers to the forward bias voltage, Φb reflects the
zero-bias barrier height, kB exemplifies the Boltzmann constant, T represents the temper-
ature in Kelvin, A depicts the active area, and n is the ideality factor of the diode device.
A∗ signifies the effective Richardson constant, which is attainable from the Richardson–
Dushman correlation (A = 4πemk2/h3), where m is the mass of the electron, e is the
elementary charge, and h is Plank’s constant. Scott and Malliaras [27] asserted that most
organic semiconductor materials are ideally found at 10−2 A/cm2 K2 [27]. The reverse
saturation current is obtained from the y-intercept of the semi-log I-V curve, which resulted
in 0.2 nA upon weighing in its natural log.

Φb =
kBT

q
ln
(

AA∗T2

Io

)
(3)

The effective barrier height of the junction Φb was obtained from Equation (3), which
refers to the contact that is present between the metal and semiconductor interface. This
was calculated using Equation (2), with the value of the reverse saturation current at
0.673 eV. The conformity of the diode device to pure thermionic emission was determined
by incorporating the ideality factor, n, by using the same semi-log I-V characteristics. For
an ideal diode, the n value reflects unity, despite it deviating from its ideal value at times,
wherein the observed value is greater than unity. The value of the ideality factor in this
study was obtained from the slope of the linear region in the forward bias of semi-log I-V
curves using the following equation:

n =
q

kT
dV

d(ln I)
(4)

The ideality factor recorded in this study is 2.93. The n value exceeded ‘2′ due to the fol-
lowing reasons: the non-homogeneous barrier, the non-homogeneous thickness of the organic
film, temperature [28], and the prevalent current in the single junction photovoltaic device
because of recombination [29]. Prior studies reported that the ideality factor of Pc derivatives
such as CuPc, MgPc, and AlPc is massive, primarily due to recombination issues [30].

The shunt and series resistance (Rsh and Rs, respectively) are essential factors that
dictate the performance of a device. These resistance values are obtained from the plot
of the junction resistance, RJ, versus the voltage, V; RJ =

dV
dJ . Massive shunt resistance is

required to decrease the leakage of current via cells (e.g., pinholes), apart from suppressing
the recombination of charge carriers at the device interface [31–33]. This scenario, however,
contradicts the low series resistance that reflects internal resistance, which allows and
enhances high current to flow through the device, whereby a low Rs denotes a low resistivity
of the organic material [34,35]. Figure 3 illustrates that the values of the shunt resistance,
Rsh, and series resistance, Rs, can be retrieved from the graph of the junction resistance
(R) versus voltage (V). The resistance decreased exponentially with an increment in the
forward bias. The Rsh corresponded to the resistance within the vicinity of zero bias, thus
resulting in 745 Ω/cm2. The R curve was saturated upon a continuous supply of forward
bias. Therefore, the applied external electric field compensated for the rectifying potential
barrier between the cathode and anode, whereby the current that flowed through the device
was restricted by Rs. Hence, the Rs value was deduced by extrapolating the saturated part
of the R curve towards the interception with the resistance axis, in which the result was
recorded at 32 Ω/cm2 [36].

A similar analysis was executed for the blended film to determine its Rsh and Rs, as
exhibited in Figure 4. Meanwhile, Table 1 represents the estimated values of both the shunt
and series resistance values of all the diode devices. As a result, the value of Rs decreased
from 19.40 to 10.47 and 7.42 Ω/cm2 by increasing the concentrations of PC71BM, respectively.
This reduction reflects the increasing surface roughness morphology of the highest doping
PC71BM, mainly because the Rs value is closely related to the active layer morphology, intrinsic
resistance, and thickness of the active layer [32]. The processing additives improved the device
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performance by dissolving the aggregates of PC71BM in the VTP: PC71BM matrix. This
facilitates the integration of the PC71BM molecule into the VTP, thus resulting in a greater
donor–acceptor interface. The enhanced surface interface between D/A in the active layer
contributes to an improved migration of excitons between the interface and to a favorable
charge separation. It is worth highlighting here that Rsh is correlated with pin holes and traps
that are present in the thin film morphology, hence causing charge carrier recombination
and current leakage. According to Table 1, the Rsh value increased from 1636.12 to 1724.40
and, finally, to 3838.74 Ω/cm2, with an increment of PC71BM. The increment in Rsh value
reflects that the incorporation of PC71BM in the active layer generated additional percolating
pathways that helped the charge carriers to diffuse at a longer distance.

Figure 3. Junction resistance versus biased voltage for single junction VTP device.

Figure 4. Junction resistance versus biased voltage for PC71BM and blended thin films of diode devices.
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Table 1. Extracted Rs and Rsh values from junction resistance versus biased voltage.

Resistance (Ω/cm2) VTP PC71BM 1:1 1:2 1:4

Rseries, Rs 32.00 22.20 19.40 10.47 7.42

R shunt, Rsh 745.00 1863.00 1636.12 1724.40 3838.74

Studies pertaining to charge transport in organic thin film devices can be classified
into two types: charge carrier injection at the interface and charge carrier transport in the
bulk system. The characterization of the forward bias I-V curves in dark conditions yielded
significant characteristics in light of the transport mechanism, which was responsible for the
conduction process that took place at the electrode interface. The effective carrier mobility
for all devices was determined by adopting the space-charge-limited conduction (SCLC)
approach with a positive voltage of up to 10 V in dark conditions. Figure 5 displays the
current density versus voltage curves excluding illumination, which was re-plotted in a
double logarithmic scale to identify the mechanism that dominated the transport charge
in the VTP diode. It is common for the double log forward bias J-V to reveal the power
law behavior of J ∼ Vm, where ‘m’ denotes the slope of each region. The m value varies
with the injection level and is linked with the distribution of trapping centers. The region
m = 1 reflects the ohmic region, while m = 2 is the SCLC region and m > 2 represents the
trapped-charge limited-current region [37].

Figure 5. The double log scale of J-V characteristics of the VTP-based diode device measured in
dark conditions.

Figure 5 illustrates the characteristics of the VTP-based diode device in order to
elucidate the conduction mechanism. The double logarithmic graph is distributed in
four regions (marked with dotted red lines), with various regions having varied slopes:
ohmic, SCLC, traps, and trap-free SCLC regions (TF-SCLC). At the low voltage region,
the slope was ~1.2, signifying the ohmic conduction mechanism. The current increased
slowly with the applied voltage, as the injected effective-charge carrier density was lower
than the background thermal carrier density [38]. In region 2 (intermediate voltage range),
the conduction mechanism of the device was dominated by SCLC, wherein the slope
was ~2.08. In this scenario, the voltage was more significant than that of region 1. The
density of the injected free charge in this region was higher than the thermally generated
free-charge carrier density; hence, there was an increment in the current. Typically, the
formation of SCLC is attributed to the low mobility of charge carriers in an organic thin
film, thus localizing the injected carriers by the trap states to limit the carrier conduction
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of the device [39]. The presence of traps was due to structural defects that derived from
the non-uniformity and sub-atomic structure of the VTP layer. Under such conditions,
the mobility of the charge carriers for the VTP diode devices was determined using the
following equation:

J =
9
8

εεOμ

(
V2

d3

)
(5)

where J reflects the current density, V is the voltage, d denotes the active cell thickness,
ε represents the permittivity of free space, εO signifies the relative dielectric constant
(εO = 8.854 × 10−12 Fm−1), and μ stands for the charge carriers’ mobility. Table 2 shows
the estimated charge carrier mobility. Next, the exponential increase of current in region 3
at higher voltages gave the slope ~5.6. This condition was dominated by the trap-filled limit
(TFL) mechanism, whereby all deep traps were filled by the injected electrons, hence making
the existing trap sites be fully occupied. As for region 4, where a high voltage was applied,
the slope of the plot decreased sharply (~3.5) as the diode device approached the TFL at a
high injection level. At the high injection level, the conduction mechanism was similar to
that in TF-SCLC. Here, the injected carriers occupied most of the traps, and the accumulation
of the space charge near the interfacing electrode culminated in the generation of a field that
hindered further rejection. The VTP diode between the interfaces’ contact functioned as if
there was no trap in it, and the current varied with the square of the voltage [40–42]. The
estimated current density in this region is expressed via Child’s law [34,43]:

J =
9
8

εεOμθ

(
V2

d3

)
(6)

where θ denotes the trapping factor defined as (J1/J2), in which J1 and J2 are the initial and
final values of the current density in the TF-SCLC region, as portrayed in Figures 6 and 7,
respectively. Figure 6 portrays similar analyses applied to the remaining thin films, while
Table 2 summarizes the estimated values of the charge mobility for all the diode devices.

Figure 6. The double log of J-V characteristics of PC71BM and blended film measured in
dark conditions.
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Figure 7. The J-V characteristics of ITO/PEDOT: PSS/VTP: PC71BM/Al photovoltaic device under
100 mWcm−2 illumination.

Table 2. Extracted mobility (cm2/Vs) values for VTP, PC71BM, and their varied ratios from
diode measurements.

OPVs

REGIME SCLC TF-SCLC

Mobility (cm2/V·s) Mobility (cm2/V·s)

VTP 4.24 × 10−7 5.00 × 10−5

PC71BM – 1.20 × 10−4

1:1 (VTP: PC71BM) 2.02 × 10−7 7.06 × 10−5

1:2 1.07 × 10−6 7.55 × 10−5

1:4 2.38 × 10−6 7.63 × 10−5

Figure 7 shows the I-V performance in the dark and under light settings for the
ITO/PEDOT: PSS/VTP: PC71BM/Al photovoltaic device. The photovoltaic characteristics,
such as JSC, VOC, FF, and PCE (η), are portrayed in Figure 7. The efficiency displayed by
the device is attributable to the increased charge generation, which relies on the broader
absorption range. Another factor that contributed to the efficiency in performance was
the dissociation of excitons in the VTP: PC71BM device due to the BHJ system. This
condition limits the single-layer and bilayer solar cells, primarily because the typical travel
path of carriers is below 20 nm before recombination [44]. This particular blend system
yielded an efficiency of up to ~0.06%. This is perhaps due to a low absorption intensity
within the visible-range spectrum, which is insufficient to enhance charge separation, thus
contributing to the low conversion from light energy to electrical energy. This corresponds
to the low-charge carrier mobility displayed by the device.

The potential use of VTP:PC71BM has been utilized in the OPD device, as reported in
our previous work [19]. The presence of extended ligands in the macrocycle of VTP helped
improve the sensitivity of the photodetector so as to yield a good device.

4. Conclusions

In summary, the present study expands upon previous research into the use of VTP:
PC71BM as a potential application in optical devices. The I-V profile demonstrated by
single VTP shows a rectifying behavior, and Schottky diode parameters such as the ideality
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factor, barrier height, shunt, and series resistance were calculated. Further, the optimized
composite blend of VTP: PC71BM was utilized in relation to its photovoltaic effect. This
demonstrates that even though the same composite blend shows great potential for organic
photodetectors, as reported previously, it does not however yield a good efficiency in
organic photovoltaics. This is probably due to the relatively low mobility of the composite
blend, which contributes to a low absorption intensity within the visible-range spectrum.
The findings from the present studies are expected to pave the way for more comprehensive
investigations of composite blends in organic devices.
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Abstract: Silicon has properties that make it the preferable semiconductor material for realiz-
ing a wide suite of electronic devices. In this paper, all basic optical logic operations, including
XOR, AND, OR, NOT, NOR, XNOR, and NAND, are demonstrated by means of simulation using
K-shaped compact silicon waveguides operated at the 1.55 μm telecommunications wavelength. This
waveguide comprises three waveguide strips, all made of silicon printed on silica. By adjusting the
phase of the incident beams, the pursued logic operations can be realized. To evaluate how well
the considered operations are performed, the contrast ratio (CR) is employed as a figure of merit.
Compared to other reported waveguides, the suggested K-shaped waveguide achieves higher CRs
and a speed of the order of 120 Gb/s.

Keywords: logic operations; silicon-on-silica waveguide; contrast ratio

1. Introduction

By enabling the execution of signal-processing functionalities without troublesome
optoelectronic conversions at the photonic nodes, all-optical gates serve as essential build-
ing blocks for the construction of lightwave broadband communications networks [1].
The accomplishment of the many signal processing tasks entirely in the optical domain,
such as packet processing [2,3], pseudorandom binary sequence generation [1,4], encryp-
tion/decryption [5], error detection and correction [6], arithmetic operations [7,8], construc-
tion of optical memory elements [9], digital comparison [10,11], buffering [12], implementa-
tion of any other Boolean function [13], and construction of combinational logic circuits [14],
is made possible by the XOR, AND, OR, NOT, NOR, NAND, and XNOR logic operations.
On the other hand, the development of effective and low-loss platforms at a reasonable cost
is claimed by silicon photonics. A type of structure known as silicon-on-silica technology is
created by depositing a thin layer of crystalline silicon on an insulating layer, which is silica
(silicon dioxide). Due to the significant infrared transparency of silicon and refractive index
difference between silicon (i.e., core with nsilicon ≈ 3.48 at 1.55 μm) and silica (i.e., cladding
with nsilica ≈ 1.444 at 1.55 μm), silicon-on-silica optical waveguides have unique optical
features [15]. Various optical waveguides have been recently used for implementing both
all-optical logic gates and all-optical networks [16–23]. Therefore, in this paper, we simulate
seven basic logic operations, including XOR, AND, OR, NOT, NOR, NAND, and XNOR,
using K-shaped waveguides operated at the telecommunications wavelength of 1.55 μm.
This waveguide has four terminals, each of which has an output port and three input ports
composed of silicon patterned on silica. It is generally known that silicon has a relatively
low optical loss (2 dB/cm) for wavelengths up to 8 μm, but silica’s optical loss increases
rapidly beyond 3.6 μm [15]. The interferences, both constructive and destructive, which
are created by the phase difference between the input beams, are the key for the realization
of the considered logic operations. In order to demonstrate how the logic operations are
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executed, finite-difference time-domain (FDTD) solutions are obtained, using commercially
available software, with the convolutional optimally matched layer as an absorbing bound-
ary condition. The logic operations’ performance is assessed against the contrast ratio (CR)
metric. According to the derived simulation results, the employed waveguide can achieve
higher CRs at an extended data rate of 120 Gb/s and, hence, can outperform previously
reported designs [16–20].

2. K-Shaped Waveguide

In this work, we build a K-shaped waveguide with four terminals made of three silicon
slots patterned on a silica substrate. The three input ports are excited by an electromagnetic
wave that is polarized in the transverse magnetic mode at 1.55 μm. The wavelength and
intensity of the incident beams are identical. The K-shaped silicon-on-silica waveguide is
depicted schematically in Figure 1, along with its field intensity distributions.

 
Figure 1. (a) Schematic depiction and (b) field-intensity distributions of K-shaped silicon-on-
silica waveguide.

To record the simulation outcomes, the FDTD monitors are employed. Setting the
threshold transmission (Tth) value to 0.12 is necessary at first. The formula for the output
transmission (T) is T = Iout/Iin [16], where Iout = |Eout|2 is the intensity at Pout, and
Iin = I1 + I2 + I3 is the sum of the intensities at the three input ports. The input beams must
satisfy the requirements for phase-matching in order to maximize T. In essence, this implies
ensuring sure that the interacting waves are kept in the proper relative phase throughout
the direction of propagation. However, before high CR logic gates can be accomplished,
the phase-matching condition necessitates a specific selection of the input wavelength and
waveguide characteristics. The phase-matching in silicon waveguides is induced by the
contributions of the waveguide birefringence, material dispersion, waveguide dispersion,
and cross- and phase-self modulations [24]. It is, therefore, feasible to achieve phase-
matching by designing the waveguide such that the birefringence and material dispersion
terms cancel one another, according to the phase-matching analysis of silicon waveguides,
as reported in [24]. When T > Tth, Pout generates a logical output of ‘1’, while in all other
cases, it generates a ‘0’. The CR is an important metric for logic devices and is defined
as CR(dB) = 10 ln

[
P1

mean/P0
mean

]
[25], where P1

mean and P0
mean represent the mean peak

powers of output logic bits ‘1’ and ‘0’, respectively. Compared to other metrics, such as the
extinction ratio, the CR offers a better and more accurate evaluation of the performance
of the optical logic operations [26]. For the proposed waveguide, Table 1 lists the default
parameters’ values used in the simulation.
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Table 1. Simulation parameters.

Symbol Definition Value Unit

L1 Length of long slot 2.5 μm
L2 Length of short slot 1.0 μm
W Width of slot 0.22 μm
D Thickness of slot 0.3 μm
θ1 Angle between long and short slots 50 degree
θ2 Angle between short slots 80 degree

nsilicon Silicon refractive index at 1.55 μm 3.48 -
nsilica Silica refractive index at 1.55 μm 1.444 -
λ Operating wavelength 1.55 μm

Tth Threshold transmission 0.12 -

When all incident beams (i.e., two beams and a reference or clock light) are launched
at the three input ports with the same phase of 180◦, the normalized spectral transmission
(T) and loss as a function of the operating wavelength (λ) are shown in Figure 2. The
employed waveguide achieves a high T = 0.852 and a low loss = 0.69 dB/μm at 1.55 μm.
Such small propagation losses are a direct result of the scattering at the inner slots’ interfaces
and absorption within the materials. Figure 2 also shows that this waveguide achieves a
high T and a low loss at a wide range of telecommunication wavelengths, from 1.3–1.6 μm.

Figure 2. Normalized spectral transmission (T) and loss versus operating wavelength (λ), using
K-shaped silicon-on-silica waveguide.

Relaxed tolerances are crucial for both manufacturing and operating conditions. Man-
ufacturing tolerances refer to the management of the geometrical dimensions during
processing and their ensuing effect on device performance. Operation tolerances describe
how the device responds to variations in wavelength, polarization, temperature, input field
distribution, and refractive index [27,28]. Most laser sources have a significant practical
wavelength tolerance. For example, a 1550 nm fiber laser may have a wavelength tolerance
of ±20 nm, resulting in an actual wavelength of 1550 ± 20 nm [29]. Figure 3 shows the
dependence of the loss on the wavelength tolerance using the proposed waveguide. This
result has been taken based on Equations (4)–(7) from Ref. [30].
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Figure 3. Optical loss versus wavelength tolerance, using K-shaped silicon-on-silica waveguide.

In this waveguide, we have used three acute angles, with a sum that is 180◦, to perform
the K letter. These angles (i.e., θ1 and θ2) play an important role in the K-shaped design
in order to implement the considered logic gates with high CRs. Thus, the effect of the
angle between the long and short slots (θ1) on a normalized spectral transmission (T) at an
operating wavelength of 1550 nm is simulated, as shown in Figure 4. It is clear from Figure 4
that the highest T occurred at θ1 = 50◦ (i.e., θ2 = 80◦), as optimized in this simulation.

 
Figure 4. Normalized spectral transmission (T) versus angle between long and short slots (θ1), using
K-shaped silicon-on-silica waveguide.

3. Logic Operations

3.1. XOR

To carry out the XOR, AND, and OR logic operations, a reference beam (REF) must
be injected into Pin2 of Figure 1, while the other two beams are launched into Pin1 and
Pin3. The REF (all ‘1’s) is used to introduce a reference phase difference between the
input signals, resulting in either constructive or destructive interference. Constructive
interference happens when all input beams are injected at the same phase (resulting in
an output of ‘1’); destructive interference happens when they are launched at different
phases (resulting in an output of ‘0’). As a result, for an XOR operation, Pout produces
a ‘1’ (meaning T > Tth) because of the constructive interference that occurs between the
input beams when the combination of these input beams (01, 10) is injected along with the
REF at the same phase (i.e., Φ1 = Φ3 = ΦREF = 180◦). The destructive interference between
the incident beams causes a ‘0’ output to be produced at Pout (meaning T < Tth) when the
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combination (11), with the REF at different phases (i.e., Φ1 = 0◦, Φ3 = 90◦, and ΦREF = 180◦),
is launched. This results in the XOR logic function. We notice the presence of light at ports
having ‘0’ input, which is a natural result because the inner interfaces of the three input
ports of the K-shaped waveguide are all opposite, and, therefore, the light is deflected
inside them in an outward direction. The XOR field intensity distributions are displayed in
Figure 5, using a K-shaped silicon-on-silica waveguide at 1.55 μm.

 
Figure 5. XOR field-intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.

Due to the large difference between the mean peak powers of ‘1’ and ‘0’, the suggested
waveguide achieves a high CR = 34 dB. The XOR simulation outcomes, employing the
K-shaped silicon-on-silica waveguide at 1.55 μm, are shown in Table 2.

Table 2. XOR simulation outcomes (Tth = 0.12).

Pin1 Pin3 Pin2 (REF) T Pout CR (dB)

0 0 1 0.021 0

34
0 1 1 0.464 1
1 0 1 0.852 1
1 1 1 0.023 0

3.2. AND

Similar to the XOR operation, the AND operation involves injecting two beams into
Pin1 and Pin3 as well as launching the REF (all ‘1’s) from Pin2. Pout creates a ‘1’ output,
due to constructive interference, when all incident beams are released into the proposed
waveguide at the same phase (i.e., Φ1 = Φ3 = ΦREF = 180◦). In contrast, when these incident
beams are injected at a different phase, Pout outputs a ‘0’ because of destructive interference.
This results in the AND operation. In Figure 6, the AND field intensity distributions are
shown, using a K-shaped silicon-on-silica waveguide at 1.55 μm.
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Figure 6. AND field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.

For the logic AND operation, the proposed waveguide achieves CR = 31 dB at 1.55 μm.
The further results of the AND simulation are listed in Table 3.

Table 3. AND simulation outcomes (Tth = 0.12).

Pin1 Pin3 Pin2 (REF) T Pout CR (dB)

0 0 1 0.021 0

31
0 1 1 0.022 0
1 0 1 0.023 0
1 1 1 0.521 1

3.3. OR

When the combination of input beams (01, 10, or 11) is inserted with REF at the same
phase of 180◦, the result of the Pout becomes a ‘1’. Thus, the OR logic function between the
two input beams is realized. Figure 7 depicts the OR field intensity distributions, using the
proposed waveguide at 1.55 μm.

 
Figure 7. OR field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.
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The suggested waveguide obtains a high CR = 33.73 dB due to the significant difference
between the mean peak powers of ‘1’ and ‘0’. Table 4 provides an overview of the outcomes
of the OR simulation at 1.55 μm, in terms of T and CR.

Table 4. OR simulation outcomes (Tth = 0.12).

Pin1 Pin3 Pin2 (REF) T Pout CR (dB)

0 0 1 0.021 0

33.73
0 1 1 0.464 1
1 0 1 0.852 1
1 1 1 0.521 1

The REF is essential for realizing the XOR, AND, and OR operations. Therefore, using
the suggested waveguide at 1.55 μm, we have compared the performance of these three
operations in terms of CR in the presence of the REF beam (i.e., REF = ‘1’) and the absence
of it, meaning there is no input beam injected into Pin2. Table 5 indicates the necessity of
using the REF to obtain higher CRs.

Table 5. CR with and without REF.

Operation
CR (dB)

with REF
CR (dB)

without REF

XOR 34 7.1
AND 31 6.4
OR 33.73 7

3.4. NOT

To carry out all inverted logic operations, including NOT, NOR, NAND, and XNOR, a
clock light (Clk) with an angle of 0◦ must be sent into the proposed waveguide from Pin1
of Figure 1. The Clk introduces an additional phase shift on the traveling beams, which
changes the waveguide balance and results in an output. One beam is injected into Pin3 at
an angle of 180◦ to perform the NOT operation. Due to the destructive interference that
occurs as a result of the input beams’ various phase conditions, when Pin3 is set to ‘1’, Pout
produces a logical ‘0’ (i.e., T < Tth). When Pin3 is ‘OFF’, the Clk (all ‘1’s) outputs a logical
‘1’ (i.e., T > Tth) at Pout, instead of going through a differencing phase. In this manner, the
NOT gate is performed. Using a K-shaped silicon-on-silica waveguide, Figure 8 illustrates
the NOT field intensity distributions at 1.55 μm.

 

Figure 8. NOT field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘1’ input and (b) ‘0’ input.

The suggested waveguide results in a high CR = 30.5 dB for NOT operation. Table 6
provides a summary of the outcomes of the NOT simulation, using the proposed waveguide
at 1.55 μm.
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Table 6. NOT simulation outcomes (Tth = 0.12).

Pin1 (Clk) Pin3 T Pout CR (dB)

1 1 0.032 0
30.51 0 0.675 1

3.5. NOR

Two beams are launched into Pin2 and Pin3 to perform the NOR (NOT-OR) operation,
and Pin1 is launched with Clk (all ‘1’s), as shown in Figure 1. When the input beams (01, 10,
or 11) are combined and injected at different angles, destructive interference results in a
logical ‘0’ at Pout. If the launched beams’ combination is (00), the Clk beam with ΦClk = 0◦
will cancel the phase balance of the three inputs, resulting in a logical ‘1’ at Pout. Thus, the
NOR logic operation is realized, as shown in Figure 9.

 
Figure 9. NOR field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.

The suggested waveguide achieves a high CR = 33 dB for the NOR operation, as
a result of the large disparity between P1

mean and P0
mean. A summary of the simulation

outcomes for this logic operation is given in Table 7.

Table 7. NOR simulation outcomes (Tth = 0.12).

Pin1 (Clk) Pin2 Pin3 T Pout CR (dB)

1 0 0 0.675 1

33
1 0 1 0.032 0
1 1 0 0.022 0
1 1 1 0.022 0

3.6. NAND

The NAND (NOT-AND) can be produced by injecting the Clk into Pin1 and the other
two beams into Pin2 and Pin3, respectively. When both Pin2 and Pin3 are ‘OFF’ (i.e., 00), the
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Clk with a ΦClk = 0◦ cancels the phase balance of the three inputs, causing Pout to become
‘1’. Constructive interference simply occurs when Clk and (01, 10) are launched at the same
angle of 0◦, yielding an output of ‘1’. A ‘0’ output is produced when (11) is launched with
Clk at various phases, such as Φ2 = 90◦, Φ3 = 180◦, and ΦClk = 0◦, as illustrated in Figure 10.

 
Figure 10. NAND field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.

A summary of the NAND simulation outcomes utilizing the suggested waveguide,
which achieves a high CR = 34 dB at 1.55 μm, is shown in Table 8.

Table 8. NAND simulation outcomes (Tth = 0.12).

Pin1 (Clk) Pin2 Pin3 T Pout CR (dB)

1 0 0 0.675 1

34
1 0 1 0.464 1
1 1 0 0.852 1
1 1 1 0.022 0

3.7. XNOR

Similar to the NOR and NAND operations, the Clk enters Pin1 to create the XNOR
(exclusive-XOR) logic function, while the other two beams are injected from Pin2 and Pin3,
respectively. Constructive interference causes Pout to emit a ‘1’ when the combination
of the input beams (11) is introduced with the Clk at the same phase of 0◦. In contrast,
Pout produces a ‘0’ when the input beams’ combinations, (01) or (10), are inserted with a
different phase, as depicted in Figure 11.
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Figure 11. XNOR field intensity distributions, using K-shaped silicon-on-silica waveguide at 1.55 μm:
(a) ‘00’ input, (b) ‘01’ input, (c) ‘10’ input, and (d) ‘11’ input.

Table 9 summarizes the XNOR simulation outcomes with a high CR = 31 dB, using
the suggested waveguide.

Table 9. XNOR simulation outcomes (Tth = 0.12).

Pin1 (Clk) Pin2 Pin3 T Pout CR (dB)

1 0 0 0.675 1

31
1 0 1 0.032 0
1 1 0 0.022 0
1 1 1 0.521 1

The Nyquist formula gives the speed of a transmission system as 2B log2[M] [16],
where M is the total number of signal levels, and B is the optical bandwidth, which is
defined as B = (c/λ2)Δλ, where c is the speed of light in vacuum, λ = 1.55 μm is the optical
carrier wavelength, and Δλ is the signal’s spectral width. Note log2[M] is in a binary form,
i.e., log2[M] = log[M]/log[2]. This means that in our case, where B = 30 GHz and for four
signal levels (00, 01, 10, and 11), the predicted speed is 120 Gb/s.

Silicon and silica components are readily available, making it easier and more afford-
able to build the suggested waveguide. As a result, assuming that the necessary technology
is available and that the major outcomes of this simulation are valid, the experimental
verification of the suggested waveguide may be completed. This is a technology problem
that can be resolved in practice, so it is not a crucial obstacle. Several logic operations, on the
other hand, have been experimentally implemented based on various optical waveguides
and components [31–38].

Table 10 compares the functionality of the considered waveguide, for realizing the
intended logic operations at various wavelengths, to that of several waveguides reported
on the same topic. This table suggests that the proposed waveguide can achieve faster logic
operations with higher CRs than the other listed schemes.
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Table 10. At various wavelengths, a comparison of our design and other waveguide-based logic
function designs.

Operations Design Wavelength (nm) CR (dB) Ref.

XOR, AND, OR, NOR,
NAND, XNOR Dielectric-loaded waveguides 471 24.41–33.39 [16]

OR, NOT, AND, XOR Metallic waveguide arrays 632.8 9.3–20 [17]

NOT, XOR, AND, OR,
NOR, NAND, XNOR

Nanoring
insulator–metal–insulator

waveguides
1550 −1.1–18.75 [18]

NOT, XOR, AND, OR,
NOR, NAND, XNOR Dielectric–metal–dielectric design 900 and 1330 5.37–22 [19]

AND, OR, NAND, NOR,
XOR, Fan-Out, Half adder,

Full adder
Photonic crystal circiuts 1550 5.54–11.56 [20]

XOR, AND, OR, NOT,
NOR, XNOR, NAND K-shaped silicon waveguides 1550 30.5–34 This work

4. Conclusions

Using K-shaped silicon-on-silica waveguides, seven fundamental logic operations, in-
cluding XOR, AND, OR, NOT, NOR, NAND, and XNOR, were simulated at the
1.55 μm telecommunications wavelength. These operations were simulated by means
of FDTD solutions obtained in commercially available software. The correct execution
of these logic operations relies on the constructive and destructive interferences that are
caused by the suitable phase difference of the launched optical input beams. Compared
to other waveguides reported for the same purpose, the suggested K-shaped waveguide
achieves logic operations with a higher contrast ratio and operating speed.
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Abstract: In this work, we investigated the effect of the tungsten nitride (WNx) diffusion barrier
layer on the resistive switching operation of the aluminum nitride (AlN) based conductive bridge
random access memory. The WNx barrier layer limits the diffusion of Cu ions in the AlN switching
layer, hence controlling the formation of metallic conductive filament in the host layer. The device
operated at a very low operating voltage with a Vset of 0.6 V and a Vreset of 0.4 V. The spatial and
temporal switching variability were reduced significantly by inserting a barrier layer. The worst-case
coefficient of variations (σ/μ) for HRS and LRS are 33% and 18%, respectively, when barrier layer
devices are deployed, compared to 167% and 33% when the barrier layer is not present. With a barrier
layer, the device exhibits data retention behavior for more than 104 s at 120 ◦C, whereas without a
barrier layer, the device fails after 103 s. The device demonstrated synaptic behavior with long-term
potentiation/depression (LTP/LTD) for 30 epochs by stimulating with a train of identical optimized
pulses of 1 μs duration.

Keywords: CBRAM; synaptic device; AlN; barrier layer; potentiation; depression

1. Introduction

The conductive bridge random access memory (CBRAM) has demonstrated enormous
potential for energy-efficient non-volatile storage with cognitive computing ability due to
its high scalability, large dynamic memory window, good analog conductance switching,
and low-off state current compared to valence change memory [1–4]. The CBRAM is
comprised of a simple metal-insulator-metal (MIM) structure with a top electrode made of
an electrochemically active metal (e.g., Cu, Ag), a bottom electrode made of an inert metal
(Pt, W), and a sandwiched insulating layer that allows the formation and dissolution of
nanoscale metallic conductive filaments [5–9]. The cation (Ag+, Cu2+) migration process
in filament evolution is functionally equivalent to Ca2+ dynamics of biological synapse
and it was previously reported by demonstrating synaptic behaviors including short-term
plasticity (STP), long-term plasticity (LTP), and spike-time dependent plasticity (STDP)
characteristics [10–15]. Despite various attempts to mimic the human brain by utilizing
resistive switching architecture, endeavors to match device performance to biological coun-
terparts continue. To justify the suitability for neuromorphic computing, a memristive
device must exhibit uniform spatial and temporal switching, long retention, and linear con-
ductance updating capabilities. The defects in the insulating layer and electrode-insulator
interface induce uncertainty in the behavior of the conductive filament. Additionally, the
inadequate controllability of metal-ion injection and the creation of numerous filaments are
implicated in the spatial/temporal switching variability [16–18].
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As a switching layer in CRAM devices, a variety of chalcogenides (Ag2S, Cu2S),
oxides (HfOx, TaOx, and SiOx), and nitride (SiNx and AlNx) based materials have been
employed. For these reasons, AlN is a potential contender among these storage media
because of its large energy bandgap (6.0 eV), high thermal conductivity (285 W/m.K), and
greater thermal stability, all of which result in enhanced switching behavior. It is also much
more compatible with nitride electrodes (TiN and TaN), which are common in semicon-
ductor production foundries. Moreover, AlN-based memory could be easily integrated
with power electronics devices, including nitride compound semiconductor-based high
electron mobility transistors (HEMTs) [19] that can drive high-speed memristors. The anion
migration-based AlN RRAM has shown energy-efficient ultra-high switching speeds and
high-density multilevel storage capabilities [20,21]. Recently, the high-performance cation
migration-based resistive switching operation of the AlN CBRAM device has been reported
for non-volatile storage applications. The switching instability remains the main problem
in CBRAM devices due to uncontrolled drift and diffusion of metal-ion species from the
active electrode to the switching layer during switching cycles.

Several techniques such as the insertion of a metal layer [22], employing a composite
electrode [23], embedding a metal nano-island array [24], and the alloying of conduction
channels [25] were deployed to improve the switching stability of the CBRAM device.
Compared to other techniques, the insertion of the barrier layer is a cost-effective and easy-
to-fabricate method. Transition metals such as titanium, tantalum, and tungsten have been
extensively studied as diffusion barrier materials due to their immiscible characteristics
with copper [26–28]. Metal nitrides act as better barrier layers compared to their metal
parts as nitridation improves chemical stability [29]. The diffusion barrier properties of
WNx in copper interconnect and microelectronic circuits have already been reported [30,31].
WNx has shown better barrier properties for the copper electrode as nitrogen does not react
with copper and smaller-size nitrogen molecules fill the void, reducing the diffusion of
copper [32]. In this work, we propose the insertion of the WNx barrier layer to enhance
the switching uniformity by limiting Cu diffusion into the switching layer. The reliability
characteristics, such as endurance and data retention characteristics, improved significantly
with barrier layer insertion. To further demonstrate the suitability of the CBRAM device
for neuromorphic applications, the long-term potentiation and depression synaptic activity
are illustrated with superior linearity.

2. Materials and Methods

The schematic device processing started with the deposition of 500 nm thermally
grown SiO2 on a RCA cleaned Si wafer as an isolation layer. For the bottom electrode,
a 20 nm Ti adhesion layer with a Pt layer of 60 nm thickness was deposited by a DC
sputtering system. Then an AlN switching layer of 10 nm thickness was deposited at
room temperature in a mixed Ar and N2 ambient atmosphere using DC sputtering at
a working pressure of 7.6 mTorr. Prior to patterning the top electrode, a 7 and 10 nm
thick WNx diffusion barrier layer was deposited by DC sputtering at room temperature by
maintaining the flow rate of Ar and N2 at 24 sccm and 12 sccm, respectively. Subsequently,
an 80 nm thick Cu layer was deposited as the top electrode using DC sputtering at room
temperature to complete the stacked device structure. Both the barrier and the Cu top
electrode were patterned using a circular metal shadow mask to a diameter of 120 μm.
The electrical DC and pulse characteristics were performed with the Agilent B1500/B1530
semiconductor parameter analyzer. The Cu top electrode was always biased with DC and
pulse signals, while the Pt bottom electrode was grounded in the electrical measurement
setup. The structural information of the device was taken by using a JOEL JEM-2010
transmission electron microscope (TEM).

3. Results and Discussion

Figure 1a depicts the schematic layout of the proposed Cu/WNx/AlN/Pt CBRAM
device. The cross-sectional TEM image of the device shown in Figure 1b clearly indicates the
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multiple layers in the stacked structure. The device switches from a high-resistance pristine
state to a low-resistance state called the forming process. The forming behavior of without
barrier layer (WOBL) and with barrier layer (WBL) devices shown in Figure 1c confirms
a larger leakage current with low forming voltage in WOBL devices due to the diffusion
of copper into the switching layer during top electrode deposition [33,34]. The insertion
of the WNx barrier layer, which prevents copper diffusion, reduces the leakage current
and increases the forming voltage. The result shows with a thicker WNx barrier layer
(10 nm), forming voltage increases undesirably and during resistive switching operation, it
shows volatile operation. Hence, a WBL device with a barrier layer thickness of 7 nm was
compared with the WOBL device for further investigation. The forming voltage distribution
for 10 devices is shown in Figure 1d. The average forming voltage of the WOBL device is
1.2 V, whereas it is 2.5 V for the WBL device. The device-to-device variation of Vforming is
larger in the case of the WOBL device and is mainly due to uneven spatial copper diffusion
into the AlN switching layer.

μ

Figure 1. (a) Schematic structure of the Pt/AlN/WN/Cu RRAM device. (b) The TEM cross-sectional
image of the device. (c) The forming characteristics of WOBL and WBL devices. (d) Forming voltage
distribution for memristor without/with barrier layer for 10 devices.

Figure 2a,b show the typical DC current-voltage characteristics of the WOBL and WBL
devices. Both devices exhibit bipolar switching behavior with a positive bias sweep of 1.2 V
at a compliance current (CC) of 1 mA for set operation and a negative sweep of −0.8 V for
reset operation, respectively. From the measured 100 DC switching cycles, we observed
that the WOBL device shows larger cycle-to-cycle variation in HRS/LRS compared to the
WBL device. Without the barrier layer, multiple incomplete conductive paths are formed by
the diffusion of copper into the AlN layer during the forming process, which subsequently
causes variation in set/reset switching cycles. The device-to-device and cycle-to-cycle
on/off resistance distribution is plotted in Figure 2c,d with each device tested for 30 DC
cycles. The on-state resistance, LRS, of WOBL devices is significantly lower compared
to WBL devices. This indicates filament formation through a large amount of Cu ion
migration. The WOBL devices show the worst-case coefficient of variances (σ/μ) of 167%
and 33% for HRS and LRS, respectively. In the case of the WBL, the variations improved
significantly to 38% and 18%, respectively. This result confirms the switching stability
with the insertion of the barrier layer. The resistance at LRS increases with the increase
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of temperature, which confirms the metallic nature of the conductive filament shown in
Figure 2f. From the resistance-temperature plot, the temperature resistance coefficient is
calculated by using Equation (1) [35]:

R(T) = R0[1 + α(T − T0)] (1)

where R0 is the resistance at temperature T0 and α is the temperature coefficient of resistance.
The estimated α = 0.003 confirms the formation of a Cu filament during the on state.

Ω
)

σ μ

Ω
)

σ μ Ω

°

Figure 2. Typical DC I-V characteristics for 100 cycles; (a) without barrier layer; (b) with barrier layer
(7 nm); and (c) with barrier layer (10 nm). The statistical distribution of LRS and HRS for memristor;
(d) without barrier layer; (e) with barrier layer; and (f) temperature-dependent resistance in LRS.

The conduction mechanism of the Cu/WNx/AlN/Pt CBRAM cell was investigated
by analyzing the ln(I)~ln(V) graph in different regions as shown in Figure 3. The I-V curve
between 0 and 0.25 V with a slope of 1.2 is well-fitted with the ionic conduction Equation (2)
given by [36,37]:

ln(j) α ln(V)− (ln T + a/T) (2)

where J, V, a, and T are current density, bias voltage, constant, and temperature. This
equation explains that ionic conduction occurs due to the oxidation of electrochemically
active metal Cu into Cu ions and then the migration of Cu ions to the Pt bottom electrode
with the application of positive bias to the top Cu electrode. The Cu ions are reduced at the
bottom Pt electrode and the metallic conductive filaments grow from the bottom electrode
to the top electrode, making the connection between the electrodes. As the applied bias
voltage increases, the diameter of the filament becomes thicker, resulting in higher slopes
of 2.1 and 3.7 between 0.25 to 0.58 V and 0.58 to 0.65 V, respectively. Due to the presence
of the WNx barrier layer, there is a gradual increment in slope. During biasing from 0.55
to 0 V, the current plot fitted well with the ohmic conduction mechanism which can be
expressed by Equation (3):

ln(j) α ln(V) − a/T (3)

where J, V, a, and T are current density, bias voltage, constant, and temperature. The current
conduction from 0 to −0.47 V follows Ohm’s law as −0.47 V was not sufficient to rapture
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the Cu filament. During reset operation with bias, from −0.48 to −0.74 V, there is a slope of
−2.2 which indicates the breaking of the Cu filament, while from −0.74 to 0 V there is a
positive slope of 1.3, showing the drift of Cu ions from the filament side to the Cu electrode.
Similar conduction mechanisms were demonstrated using an Ag-based conductive bridge
random access memory system in a prior study [36].

Figure 3. Conduction mechanism of WBL device in; (a) set operation HRS region from 0 to 0.65 V;
(b) LRS region from 0.55 to 0 V, (c,e) reset operation from 0 to −0.47 V and from −0.47 to −0.74 V
(d) reset operation HRS region from 0.74 to 0 V.

The schematic of the resistive switching mechanism for WOBL and WBL CBRAM
devices is depicted in Figure 4, explaining switching stability. Because there is no barrier
layer between the Cu atoms and the AlN switching layer, more Cu atoms diffuse into the
AlN switching layer for the WOBL device than the WBL sample in the pristine state, as
shown in Figure 4a,b. During positive bias, Cu ionization begins at the top electrode and
progresses towards the Pt electrode, where it is reduced back to Cu atoms to form the
conductive bridge in the CBRAM device. After the complete formation of the conductive
path between the electrodes, the device switches to the LRS state. The WOBL layer inherits
multiple incomplete conductive filaments with one or a few complete conductive filaments.
During the reset process, the electrochemical dissolution of the filament happens, and the
Cu ions drift back to the top electrode. The switching variability in the WOBL device is
illustrated by taking two competing filamentary paths into account. Assuming the CF1 is
an initially formed conductive path which undergoes continuous structural change with
several set-reset switching cycles. The gap formed in the filament during the reset event
is g1. The selected conductive path will be CF1 only if g1 < g2. The CF2 conductive path
undergoes minimal structural change as very little current flows. After several set-reset
cycles, the CF2 becomes the selected conductive path with g2 < g1, which leads to a new
LRS/HRS value. The change in conductive path is the main source of switching instability,
and it is more pronounced with the presence of multiple incomplete conductive filaments.
The presence of the WNx barrier layer limits the diffusion of Cu atoms into the switching
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layer, preventing the occurrence of multiple conductive paths as shown in Figure 4c. The
lower number of filamentary paths improves switching stability, which is an important
requirement for synaptic devices.

 

Figure 4. Schematic of (a) WOBL and WBL devices in a pristine state. Set and reset the switching
mechanism of (b) WOBL and (c) WBL devices.

The endurance plots for both devices are shown in Figure 5a,b for 500 DC cycles. The
HRS/LRS were evaluated at a read voltage of 0.2 V. The WBL device has shown a stable
and consistent memory window as compared to the WOBL device. To further evaluate
the nonvolatile operation of RRAM, the data retention characteristic behavior at HRS/LRS
was evaluated at room temperature (RT) as well as the elevated temperature of 120 ◦C as
displayed in Figure 5c,d. Both WOBL and WBL devices exhibited high retention of 104 s
at RT. Nonetheless, at 120 ◦C, the HRS of the WOBL device degrades after 103 s due to
temperature-assisted metal diffusion into the switching layer.

The gradual conductance switching rather than abrupt switching upon application
of a pulse is an important requirement for the memristive device to behave as an artificial
synapse in neuromorphic hardware. To evaluate the synaptic characteristics of the WBL
device, 50 identical positive pulses of 0.8 V/1 μs for potentiation and 50 similar negative
pulses of −0.8 V/1 μs for depression were applied to the device as shown in Figure 6a. The
conductance increased gradually from 400 to 800 μS during the potentiation period, and
similar progressive decrementing behavior was observed during the depression period.
Figure 6b shows the normalized potentiation/depression curves from which the non-
linearity factor can be calculated by using the following Equations (4)–(6) [38]:

GP = B{ 1 − e(
P
A )} + Gmin (4)
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GD = −B
{

1 − e(
P−Pmax

A )
}

+ Gmax (5)

B =
Gmax − Gmin

1 − e
−Pmax

A
(6)

where G, Gmax, Gmin, and Pmax denote the conductance, maximum conductance, minimum
conductance, and maximum number of pulses, respectively.

Ω Ω

(Ω (Ω
)

Figure 5. DC endurance behavior of (a) WOBL and (b) WBL devices. Data retention characteristics
of WOBL and WBL devices were measured at (c) room temperature and (d) 120 ◦C.

The non-linearities calculated for potentiation and depression are 2.2 and 3.5, respec-
tively. Figure 6c displays the long-term potentiation/depression (LTP/LTD) for 30 epochs.
When switching between successive pulses, the device displays smooth and monotonic
transitions of conductance, which is desirable for enhancing neuromorphic systems’ learn-
ing accuracy. The LTP/LTD characteristics of the device are suitable for pattern recognition
applications of the neural network. The neurons transmit signals through the synapse, and
the learning algorithm is used to update the weight value of the synaptic device. The WBL
device shows a multilevel conductance state with better linearity and could achieve pattern
recognition accuracy quickly. The above results confirm the AlN CBRAM with WNx barrier
layer is a potential synaptic device for neuromorphic computing.
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μ

Figure 6. (a) Synaptic potentiation/depression characteristics measured by applying 50 identical
0.8 V/1 μs potentiation pulses and 50 identical −0.8 V/1 μs depression pulses. (b) Normalized
conductance with nonlinearity measurement. (c) Thirty repeated potentiation/depression cycles of
the WBL device.

4. Conclusions

In this study, we have demonstrated improved switching stability and excellent data
retention along with highly linear 30 epoch LTP/LTD synaptic functions by inserting the
WNx barrier layer in the AlN memristor. The result could be attributed to the insertion
of a 7 nm thick WNx barrier layer, which prevents the formation of multiple conductive
bridges by limiting the diffusion of Cu into the switching layer. The cycle-to-cycle and
device-to-device switching uniformity improved substantially by regulating Cu migration
in the host layer. The CBRAM device demonstrated longer DC endurance for 500 cycles and
stable data retention for 103 s at 120 ◦C. The ohmic and ionic conduction mechanisms of the
non-volatile CBRAM cell during set/reset operation were explained by fitting the current
transport in the switching layer. Finally, the repeated LTP and LTD synaptic functions with
a fixed pulse scheme are demonstrated.
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Abstract: We discuss the twist map, with a special interest in its use for the finite Frenkel–Kontorova
model. We explain the meaning of the tensile force in some proposed models. We demonstrate that
the application of the twist map for the finite FK model is not correct, because the procedure ignores
the necessary boundary conditions.
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1. Introduction

The Frenkel–Kontorova model (FK) was proposed in 1938 to discuss dislocations
in a chain of particles [1]. In the last century, many aspects of solid-state physics have
been discussed using the FK model as an example. One divides a set of particles into a
one-dimensional subsystem of interacting elements and a remainder as a substrate. The
latter acts on the extracted subsystem by a potential. Of special interest may be electronic
applications [2–7] for Wigner electrons or Josephson junctions. Further models are charge-
density wave conductors [8–10], charge transport in solids and on crystal surfaces [11],
magnetic or ferro- and antiferromagnetic domain walls [12], magnetic superlattices [13],
superconductivity [14,15], and vortex matter [16–18], to name a few.

The FK model for a chain of N particles (called atoms) at positions ui on an axis has
the energy [1,19]

U(u) =
N

∑
i=1

λ V(ui) +
N−1

∑
i=1

k
2
(ui+1 − ui − ao)

2 . (1)

The substrate potential function is the usual one

V(ui) = 1 − cos
(2 π

as
ui

)
.

The parameter as is the period of this potential, and λ is its amplitude. The second term
is the spring term for the nearest neighbor forces between the atoms. Parameter k is its
amount. The equilibrium distance, ao, of the chain would hold without the potential V,
thus for λ = 0. Usually, the two periods ao and as are different [20].

Sometimes the equilibrium distance, ao, of the chain is missing [21–23]. At first, one
has to assume that ao = 0 is used. One treats the FK model as a different one with the pure
harmonic potential of the spring forces between the nearest neighbors but often with an
additional linear tensile force of amount μ

N−1

∑
i=1

[
k
2
(ui+1 − ui)

2 − μ (ui+1 − ui)

]
. (2)
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Note that the alternating tensile force of form (2) reduces to two summands

−μ (uN − u1) .

If μ = 0, then putting all ui = 0 (or putting all ui = n as with an integer n) gives zero
energy [24–26]. This is the global minimum, but it is a trivial one. If one starts with any
finite chain with no zero distances between the atoms, and if one uses the values of the
parameters of ref. [21] for λ ≤ k, and μ = 0, then a minimization would return this trivial
result.

In Appendix A, we remark that for λ � k, further stationary states can exist for ao = 0
and for μ = 0. However, these states are not global minima.

The paper mainly discusses the application of the twist map on a finite FK chain. In
Section 2, we recall the formulas for an equilibrium structure, and we argue against using
these formulas to apply the twist map. In Section 3, we explain the meaning of the tensile
force. In Sections 4 and 5, we discuss the boundary conditions of a finite FK chain and
explain with examples the incorrect results of the twist map. Further small points are
the energy of the FK chain and the putative problem of the irrational relations of the two
periodicities of the FK model. Some aspects of our treatments include connections to an
infinite FK chain [21].

2. Equations for Stationary States

At first, it seems that the gap of form (2) does not matter, because for the minimum
search for the inner atoms, ui, holds an equation, where the ao disappears

∂U(u)

∂ui
=

2πλ

as
sin
(2 πui

as

)
+ k[2 ui − ui+1 − ui−1] = 0, i = 2, .., N − 1. (3)

Note that the linear tensile force with amount μ also disappears [27]. However, the ao as
well as the μ do not disappear at all; they emerge in the two boundary equations for the
first and the last atom of the chain, u1 and uN [19,28]

∂U(u)

∂u1
=

2πλ

as
sin
(2 πu1

as

)
− k[u2 − u1 − ao] + μ = 0 (4)

and
∂U(u)

∂uN
=

2πλ

as
sin
(2 πuN

as

)
+ k[uN − uN−1 − ao]− μ = 0 . (5)

Equations (3)–(5), for all atoms i = 1, . . . N, form a system of coupled equations,
where we have to include the boundary conditions Equations (4) and (5). To select a single
’solution’ of one or a small number of them will usually not give a correct stationary state
of the FK chain.

In contrast to this simple remark, many researchers propose to use the ’twist map’,
which successively calculates one ui+1 if the former ui and ui−1 are known—an assumption
that we cannot make. If one does not know the solution, one also does not know the
location of the two special atoms at the start of the map [19]. In real calculations, the twist
map is started at an arbitrary pair of two points in a finite region [21]. Of course, to start the
twist map at arbitrary point pairs (see the Mi in Figure 1 of ref. [21]) provides nice pictures,
including the excursion to chaos. We claim that many calculations of twist maps do not use
the correct initial values; for example, see Example 1 and Section 6 below.

Example 1. A simple example is a chain with N = 3 atoms, with the parameters as = 2 π, k = 2.5,
λ = 1, and ao = 2as/3. The equilibrium structures of a minimum are obtained by the NMinimize
procedure of Mathematica 13.0, starting with a chain with ui = ao (i − 1) for i = 1, .., 3, as shown
on the left of Figure 1.
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0 2 4 6 8
u

0 2 4 6 8
u

Figure 1. (Left): Minimum solution for an FK chain with N = 3 atoms. (Right): With an arbitrary
start of u1 = 0, we obtain u2 = a0 = 2as/3, and we obtain with Equation (3) the shown point u3.
However, the structure is not a minimum, see text. Note that the atoms are shifted on the site-up
potential to help the imagination.

Using the twist map of Equations (4) and (3) starting at an arbitrary point, for example,
with u1 = 0, we obtain with Equation (4) u2 = a0 = 2as/3, and we obtain with Equation (3)
the structure on the right hand side of Figure 1. It does not look like a minimum. The left
minimum has an energy of 2.756 units, but this special twist map ‘solution’ has an energy
of 2.826 units. Its gradient (0, 0, 0.118)T is not a zero vector.

The reason for the deviation of the gradient from zero is that the third Equation (5) for
i = N = 3 is not fulfilled for the obtained u3. Only when one begins with u1 of a stationary
structure is the third equation fulfilled. Further arguments to understand the result are
given in ref. [19]. We conclude with the following theorem.

Theorem 1. Using the twist map at an arbitrary start point is useless. In the general case, it will
not provide a stationary structure of the FK chain. The reason is that Equation (5) is not fulfilled, in
the general case. This is not restricted to the N = 3 chain.

The twist map fulfills the demand of equilibrium only from step to step. Only when
the start pair belongs to the correct minimum do the results (under numerical problems, see
below) build a correct minimum structure. In the system, one can fulfill some equations—
with false values, which vice versa compensate—however, one cannot assume that the
other equations obtain the correct solution.

3. A Remark on the Length of the Chain

We treat the energy of the chain structure (1). When the spring distance of the chain,
ao, and the period of the site-up potential, as, are equal, and if μ = 0, or if a0 = 0 and
μ/k = as, or if a0 + μ/k = as, then an equilibrium chain exists in its ground state with all
particles at the bottom of the site-up potential, with energy zero for every particle, and thus
with zero energy for the chain in its ground state. (This case was originally treated [1] for
an infinite chain.)

In any other case, an infinite chain needs an infinite energy in the sum, which is
impossible. Strangely, the authors of ref. [29] stated that ”. . . one does not hope that the
sum of the energies converges.” Nevertheless, they worked with the divergent sum.
Tong et al. [30] treated a finite segment of the infinite incommensurate FK chain without
the boundary conditions. Without further explanation, the problem was circumscribed by
the word ’formal sum’ [31,32].

A way out, avoiding the infinite energy of an infinite chain, was proposed [33] by
dividing the energy of the chain by N, the number of atoms. So, one has a finite energy per
atom [34,35], and one can apply the optimization per atom at ui, discussed in Section 2 [36].

4. The Meaning of the Tensile Force

If λ = 0, we see with Equations (4) and (5) that the equilibrium separation of the chain
becomes

a0 + μ/k . (6)
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In addition, if one uses the ansatz of form (2) with a0 = 0, then the value of the tensile
force divided by the value of the spring force, μ/k, becomes the placeholder of the a0 in the
original FK model. One can put [37,38]

lo = μ/k → new ao .

The meaning of the tensile force in (2) is to include an equilibrium separation of the chain,
lo for a0. One can ask why one needs the tensile force.

On the other hand, one can ask for the action of the tensile force, if its amount μ
increases. It has the form

−μ fT u

with the special form of the force vector

fT = (−1, 0, . . . , 0, 1) .

At μ = 0, we may be in an original minimum (with a0 = 0 or not). Increasing the amount
of μ, we can optimize another minimum. The curve, which describes the consecutive series
of minima, is a Newton trajectory; it was named the curve of the force-displaced stationary
points [19,39–44]. Newton trajectories connect stationary points of an index difference of
one [45] on the original potential energy surface. It is a quite interesting property that the
special form of the f vector acts as a change in the orginal distance, a0, of the atoms of the
FK chain, see value (6), and not only as the tilding of the potential of the first and the last
atom of the chain. The FK chain is similar to an accordion. If one pulls the ends, all of
the bellows relax. Newton trajectories with force f can be used to calculate many kinds of
solitones of the FK chain and, thus, intermediate minima of the potential energy surface
and saddle points with an increasing index [3,6,19,46–48].

5. The Meaning of the Free Boundary Conditions

Now, we discuss the boundary conditions (BCs). If one has free BCs, then we cannot
start with an arbitrary ‘left’ BC, because the minimization will probably result in different
BC in the end. So, the steps of an arbitrary twist map start in a nebula. The developments
by some researchers [21,49–51] (to name a few), which use the twist map, ignore that the
chain will find another minimum structure at the boundary, in comparison to an arbitrary
twist map result [19].

Of course, if one starts the twist map with the correct u1, u2 of a minimum structure
or of another stationary state of the FK chain, then one can regain this stationary structure
with the result of the twist map, at least for the first section of the structure; see the example
below. However, we do not know where the stationary structure of an FK chain begins if
the BCs are free.

Example 2. The example is again the chain with parameters as = 2π, k = 2.5, λ = 1, and
ao = 2as/3, for N = 3, 4, 8–10, 20, 47, 74, 99, 500, 1000, and N = 5000 atoms. The equilibrium
structures, probably minima, are obtained by the NMinimize procedure of Mathematica 13.0 starting
with a chain with ui = ao (i − 1) for i = 1, . . . , N. The first atom of the chain at u1 changes its
place with N, as well as the average distance

ã =
uN − u1

N − 1
, (7)

see Table 1. The numbers in Table 1 are rational numbers, because they are the result of a computer
calculation. We do not know whether the character of the limit for N to ∞ is rational or irrational.
The two values possibly converge for large N against defined values around u1 = 0.369 and ao.
However, we do not know the exact limit of ã.
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Table 1. Position of the first atom of a minimum of an FK chain and its average distance.

N u1 ã/2 π N u1 ã/2 π

3 −0.769 0.6224 47 0.390 0.6700
4 0.117 0.6542 74 0.370 0.6688
8 0.751 0.6801 99 0.358 0.6621
9 −0.341 0.6386 500 0.368 0.6670

10 0.239 0.6582 1000 0.369 0.6665
20 0.632 0.6736 5000 0.369 0.6667

We show in Figure 2 a minimum of an FK chain with N = 500 atoms. The central
region represents the winding number, the ratio 2/3 of ao/as; however, the two boundary
regions show the large influence of the free BCs. A swing in at the left boundary needs
≈50 atoms, and an analogous transient process needs ≈50 atoms at the right boundary.
One could imagine that an infinite chain with the 2/3 ratio could be represented by the
central piece of Figure 2. However, a cut anywhere relaxes the strain at the border [20], and
the shown boundary pattern will emerge again. It also holds for N = 1000 and N = 5000,
where we obtain similar pictures.

The structures of the FK chain at the reported minima are mirror symmetrical up to
a length of N = 46; see the left panel of Figure 1. Beginning with N = 47, the symmetry is
broken, and the different form at the two boundaries emerges, as in Figure 2.

0 50 100 150 200 250
u . . . 1500 1520 1540 1560 1580 1600

u . . . 1850 1900 1950 2000 2050
u

Figure 2. Minimum solution for a fixed ao, see text. FK chain with N = 500 atoms, with the first
66 atoms on the left and the last 66 atoms on the right. The center is an enlarged piece with the regular
pattern representing the rational relation to as sorting three atoms in two wells.

In Figure 3, we show the corresponding twist map representation of the first 66 atoms
for N = 500. There, we used the map Φi = ui(mod as) for the minimization result.
Consecutive pairs of atoms are shown, (Φi, Φi+1), (Φi+1, Φi+2), (Φi+2, Φi+3), . . . and so
on. The dashed triangle is the start set of points, and the red triangle shows the periodic
stable cycle of the central region of the FK chain. The swing in at the left boundary of the
chain is the path from the dashed to the red triangle. Note that the points of the inner cycle
form a kind of a unit cell defined by the used winding number, 2/3, but they are not free of
tension. This is demonstrated by the relaxation at the boundaries.

1 2 3 4
i

1

2

3

4

i

Figure 3. Twist map representation of the first 66 atoms of a long chain. The dashed line is the start
triangle of points, and the red line is the quasi-stable cycle of three atoms in one cell of two troughs,
as in the central region of Figure 2. (The calculation was a minimization.)

6. The Twist Map for a Finite FK Chain

In the right side of Figure 4, we depict the result of the twist map used with the two
correct initial points, u1 = 0.369 and u2 = 4.701, of the optimized structure. The calculation
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was performed with Mathematica 13.0 with the usual accuracy. The result fits the true
structure up to N ≈ 300 atoms. Then, the twist map ’breaks out’, and at N = 353 the former
right BC appears. Its way out emerges by numerical effects, which can accumulate over the
consecutive iterations.

0 500 1000 1500 2000
u

0 500 1000 1500 2000
u

Figure 4. (Left): FK chain, optimized minimum with N = 500 atoms. (Right): The result of the twist
map with the two points of the minimum, u1 and u2, at the start. It repeats the left BC; however, it
‘finishes’ at N = 353 with a right BC; then, the calculation is reflected.

The twist map must include the handling of the tension of the central quasi-unit cells.
The N = 4 minimum shown on the left of Figure 5, with a u1 value of 0.117, is two times
’shorter’ than the putative unit cell of 4π/3, see Table 1. The distances of the minimized
structure also change from atom to atom in the central part. It only looks like a unit cell. In
reality, a unit cell does not exist.

The result for an infinite chain [21] does not hold here, where one has a unit cell if
ao/as is a rational number. There is no period of the kind

ui+3 = ui + 2 as , but it holds ui+3 = ui + 2 as + εi

with variable values of εi. The smallest εi we find at the central region of the chain with
ε244 ≈ 2 × 10−11.

The fact that even the twist map calculation by Equation (3) finds (though at a false
place) a correct upper boundary structure, as the direct optimization does, is very interest-
ing. One has to consider that the quasi-perfect cyclic behavior in the central region is not
the behavior of a limit cycle, in contrast to the propositions of ref. [36].

0 5 10
u
0 100 200 300 400 500

u

Figure 5. (Left): FK chain minimum for N = 4 atoms; it is not the unit cell of Figure 2, center;
however, it is shorter, see Table 1. (Right) The result of a twist map calculation with the two points,
u1 = 0 and u2 = 2as/3, of a putative unit cell at the start. It does not result in the quasi-unit cells of
Figure 2.

Next, we show a twist map calculation in the right panel of Figure 5 and in Figure 6.
The start is the putative unit cell with u1 = 0 and u2 = 4 π/3. However, the twist map does
not find the structure of consecutive unit cells. It finds that the 3-cycle of Figures 2 and 3
rotates and does not form a correct stable cycle, at least not for three atoms. See the twist
map representation in Figure 6.
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Figure 6. Twist map representation of a twist map calculation with u1 = 0 and u2 = 4π/3. The
dashed line represents the start sequence of points.

7. The Disappearence of Incommensurabilities

For a given length of a finite FK chain with N atoms for λ = 0,

Lo = (N − 1) ao,

one can determine an integer M such that the chain of length Lo covers up M troughs of the
site potential. If λ is set correctly, the FK chain will fit into the M troughs forming a structure
of a minimum with an average separation ã, with Equation (7). It holds independently of
whether the numbers, Lo, ao, ã, and as, are rational or irrational. One can cite ref. [52] “. . . a
finite chain on a periodic substrate will always be locked because of its free ends.” The
relation of N to M is in every case a commensurable ratio between two integers [53]; see
Example 3.

Example 3. We treat an example of a chain with a putative ’irrational’ winding number [54] of
ao = 0.873as and the other parameters as = 2π, k = 2.5, and λ = 1, for N = 500. The equilibrium
structure, probably a minimum, is obtained by the NMinimize procedure of Mathematica starting
with a chain with ui = ao (i − 1) for i = 1, . . . , N. Figure 7 shows the structure and the
corresponding twist map representation.
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Figure 7. (Left): Optimized FK chain minimum for N = 500 atoms with winding number 0.873.
(Right): Twist map representation of the result. The dashed line is the start sequence of nine points
plus the first step of the next cycle. It is a quasi-cyclic result.

The structure seems not to be very erratic. The twist map shows a quasi-cycle of
nine points. However, the winding number 0.873 is not fully irrational.

8. Remark on the Aubry Transformation of a Finite Chain

There should be a value λC, where a qualitative change in the behavior of the infinite
FK chain occurs [21,55,56]. For a finite chain, there is no such value. If λ > 0, and k > 0,
then the action of the site-up potential will fix the chain in a minimum, if we start a
minimization for the ‘relaxed’ chain with distances a0; see Section 7.

The putative Aubry-phase transition demonstrated by Figure 6 in ref. [54] is an incor-
rect interpretation. The first eigenvalue of the second derivatives of the potential of the
chain is the frequency for a collective movement of the chain. For an unpinned chain, it
has to be zero; thus, the potential has to be flat. However, in the example used in [54], the
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first eigenvalue is greater than zero. Thus, the potential is a minimum in both treated cases,
λ > λC and λ < λC, and the chain is pinned. Of course, the pinning is small if the λ is
small. The chain can collectively vibrate; however, it cannot move.

For the interpretation of the experiment [57] with N = 1–5 atoms, we assume that the
reported effect is for other reasons.

9. Discussion

We understand the long history of the twist map in the following way:
For a finite FK chain, the parameter a0 is given; however, the localization of the

minimum is unknown. We do not know the values of u1, uN , and ã. Thus, we cannot start
the twist map.

To salvage this nevertheless, one assumes a limit l of the average separation and starts
with this l anywhere with assumed points u1 and u2 for the initial values. One postulates
that every arbitrary pair of the start values is possible.

It is clear that the result is not helpful for an original finite FK chain, see Figure 1.
We note that many researchers have treated finite chains [9,33,35,54,57–65] (to name a

few); however, they use a useless contrast of rational with irrational numbers in the finite
FK model.

In a positive contrast, the treatment in [66] sorts the FK chain in a ’commensurable’
way into the site-up potential.

10. Conclusions

We are surprised by researchers’ attention to the twist map in the field of the FK model.
For a finite FK chain, the twist map theory can only be a supplement; otherwise, important
physics conclusions of the model are lost.
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Abbreviations

The following abbreviations are used in this manuscript:

BC Boundary condition
FK Frenkel–Kontorova

Appendix A

For k = 0 and μ = 0, the FK model shortens to the pure site-up potential without
spring forces. Any arbitrary distribution of the atoms at the bottom of the siteup potential
is possible.

For λ � λc > k > 0 in the FK model, further minimum structures are possible under
a0 = 0, aside from the zero solution discussed in Section 1. λc depicts a critical value. Note
that every small k > 0 prevents the length of the FK chain from becoming too large.

In Figure A1, we depict a case for N = 8, λ = 10, k = 1, and μ = 0. The structure has
two ‘slightly stretched’ springs, three ’stretched’ springs, and two ’overstretched’ springs,
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which are possible because of the much smaller k parameter. Note that most of the atoms
are not at the minima of the site-up potential, as claimed for large λ [34].

0 10 20 30 40
u

Figure A1. A nonzero FK minimum to potential (2).
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Abstract: Quantum dots (QDs) are zero-dimensional (0D) nanomaterials with charge confinement in
all directions that significantly impact various applications. Metal-free organic quantum dots have
fascinating properties such as size-dependent bandgap tunability, good optical absorption coefficient,
tunability of absorption and emission wavelength, and low-cost synthesis. Due to the extremely small
scale of the materials, these characteristics originated from the quantum confinement of electrons.
This review will briefly discuss the use of QDs in solar cells and quantum dots lasers, followed by a
more in-depth discussion of QD application in photodetectors. Various types of metallic materials,
such as lead sulfide and indium arsenide, as well as nonmetallic materials, such as graphene and
carbon nanotubes, will be discussed, along with the detection mechanism.

Keywords: quantum dot; confinement; tunable photoexcitation; solar cell; quantum dot laser; carbon
dot; quantum dots photodetector

1. Nanomaterials

Nanomaterials have garnered much attention in recent years due to their fascinating
and distinctive characteristics that surpass the limitations of bulk materials. Any substance
with at least one dimension under 100 nm can be categorized as a nanomaterial [1,2]. Mate-
rials with all dimensions larger than nanoscale are called 3D materials or bulk materials,
while researchers use a few classifications based on the dimensions of nanomaterials. If two
dimensions are larger than the nanoscale, they are called 2D nanomaterials, e.g., quantum
wells and nanolayers, a heterostructure composed of two barrier layers sandwiching a
single thin well layer. This layer, which contains electrons and holes, is just about 100 Å
thick; as a result, the electrons and holes start behaving like waves. In practice, standing
waves in a direction perpendicular to the layers correspond to the permissible states in
this structure. The system is quantized because only specific waves are standing waves.
Many quantum mechanical processes can be observed and controlled in thin quantum well
layered semiconductor structures. Modern epitaxial crystal growth techniques can produce
them with great precision.

If one dimension of a material is in the nanoscale range and two dimensions are larger
than nanoscale, it is categorized as a 1D nanomaterial, e.g., nanorods and nanowires [3,4].
1D nanomaterials are used in solid-state electronics and as diagnostic tools in medical
sciences. They can conduct at the level of one degree of freedom. This enables the utilization
of nanowires in applications where electrical conduction is required [5].

If all dimensions of a material are smaller than 10 nm, it is called a 0D material, e.g.,
nanoparticles and quantum dots (QDs).

As the size limits approach the zero dimension and the region becomes extremely
confined, it is also referred to as a dot. QDs are produced when material sizes become
smaller and smaller in each dimension, which causes them to behave like groups of atoms
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and exhibit fascinating features. The electron–hole pair is also produced by some energy
input, such as UV radiation, and the pair is kept together by Coulombic forces [6]. QDs’
size ranges from 2 to 10 nm, or between 10 and 50 atoms, and they have 100 to 1000
electrons. Almost all material systems, including metal, insulators, and semiconductors,
exhibit size-dependent electrical or optical characteristics in the quantum size domain. Due
to its fundamental and technological significance, the semiconductor’s energy band gap
alteration is the most appealing [7]. The materials for the next generation of flat panel
displays, photovoltaic, and optoelectronic devices are semiconductors with extensively
tunable energy band gaps [8].

Quantum dots (QDs) are tiny semiconductor particles that can be utilized in photode-
tectors and other applications. They are typically only a few nanometers in size. QDs can be
employed as a light-sensitive substance, also referred to as a photoconductive substance, in
a photodetector. One example of a photodetector using QDs is a QD infrared photodetector
(QDIP) [9,10]. QDIPs use a layer of QDs as the active material, which absorbs the incoming
infrared light and generates an electrical current [11]. It has been demonstrated that they
have good stability, quick response times, and high sensitivity.

Another example is a QD-based ultraviolet photodetector. The photoactive material
employed in the detector is QDs, and it has a high sensitivity and quick response time
for detecting UV light [12,13]. Figure 1 shows the different types of materials based on
dimensions.

Figure 1. Schematic of nanomaterials based on types.

A third example is a QD-based hybrid photodetector, which combines the benefits of
QDs and conventional semiconductor materials, such as silicon [14,15]. These devices com-
bine silicon and QDs to produce a sensitive and effective photodetector. Overall, due to their
distinct optical and electrical characteristics and their potential to enhance the performance
of these devices, quantum dots are a promising material for use in photodetectors [16].

Although the discovery of QDs is familiar due to the toxic nature of initially observed
QDs such as cadmium, their application is limited [17]. The semiconductor quantum dots
used to make quantum dots (QDs) photodetectors include cadmium sulfide (CdS), lead
sulfide (PbS), indium arsenide (InAs), and organic quantum dots [18]. Due to their distinct
optical and electrical characteristics, these QDs have potential applications in photode-
tector sensors. The most extensively researched QD material for photodetector sensors is
cadmium sulfide (CdS) [19]. They can efficiently convert light into an electrical signal due
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to their high quantum yield and absorption coefficient, allowing them to absorb much light.
These characteristics make CdS QDs ideal for ultraviolet and infrared photodetectors [20].

Nevertheless, CdS have many disadvantages. Cadmium is a poisonous heavy metal
that can cause serious health issues if inhaled, and proper precautions are needed to dispose
of devices made up of cadmium. Quantum dots based on CdS are not biodegradable and
can affect the ecosystem [21]. CdS are also more expensive than other quantum dot
materials, so researchers are working on different QD materials useful for photodetection
applications [22].

The second most commonly used QDs for photodetection applications are lead sulfide
(PbS) QDs. They are especially beneficial for infrared photodetectors because they feature a
band gap that makes them sensitive to infrared light [23]. Quantum dots made of indium
arsenide (InAs), which have a high near-infrared absorption coefficient and are, therefore,
particularly effective for near-infrared photodetectors, are another potential material for use
in photodetector sensors [24,25]. Overall, the wavelength range of the light that needs to be
detected and the specific specifications of the device will determine which QD material is
best [26].

This review is focused on non-cadmium nanomaterials for electronic applications. As
light-emitting diodes also work with the mechanism of electron–hole recombination, QDs
also have potential applications in this area [27]. In terms of applications, quantum dots
are used in various fields, including electronics, biomedicine, and renewable energy. For
example, quantum dots can be used in electronics to make highly efficient solar cells, LED
lights, and other devices. In biomedicine, quantum dots are used as imaging agents to
study cells and tissues in the body [28]. In renewable energy technologies, quantum dots
are used to produce hydrogen fuel from water using sunlight [29].

2. Optical and Electrical Properties of Quantum Dots

There are different energies for the electrons in quantum dots. When QDs absorb
energy above their band gap, an exciton (electron–hole pair) is created. The electron and
hole pair is confined if the diameter of the nanomaterial is smaller than its exciton Bohr
radius, often known as the average physical distance between the electron and hole [30].
This electron and hole pair confinement is called the quantum confinement effect, which
causes a discrete packet of energy and cannot be considered continuous [31,32]. One of the
fascinating phenomena that QDs exhibit is photoluminescence. In this phenomenon, QDs
absorb higher-energy photons and release low-energy photons. The electron moves into an
excited state upon absorption. When it recombines with a pair, it emits lower energy light.
This process takes place in femtoseconds [33].

Photoluminescence generally depends not on the type of materials but on the size [34].
As the quantum dot size decreases, the band gap of the quantum dot increases, causing the
emission wavelength to shift toward a lower wavelength, and this is known as the blue
shift, which is emission in the visible range. However, the emission can also occur in other
regions of the electromagnetic spectrum, such as ultraviolet or infrared. QDs have exciting
optical properties such as better photostability, high molar extinction, and high quantum
yield (ratio of photons emitted vs. photons absorbed). QDs can be observed using confocal
microscopy, fluorescence spectroscopy, total internal reflection microscopy, etc. [35,36].

QDs also have fascinating electrical properties, such as when sufficient energy is
absorbed by the QD electron excited from the valence band to the conduction band while
leaving the hole (empty state) in the valence band. This hole can be considered a positive
mobile charge in the valence band. QDs possess a discrete energy state like an electron of
a single atom [37]. Typically, a photon can only form one exciton and excite one electron
across the band gap of fluorescent materials, with extra energy being lost as heat. However,
multiple exciton generation is possible in QDs, which can be produced simultaneously,
increasing the efficiency with which the nanocrystals convert energy [38].
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Quantum yield measures the efficiency with which a system converts absorbed light
into a different form of energy, such as heat or electricity. In the case of quantum dots, it
refers to the efficiency with which the dots convert absorbed light into emitted light [39,40].

The equation for quantum yield is typically expressed as the ratio of the number of
photons emitted by the quantum dots to the number of photons absorbed by the dots. This
ratio can be expressed as follows:

Quantum yield =
Number of photons emitted

Number of photons absorbed

The quantum yield plays an important role in the properties of QDs. The confinement
behaviors produced by QDs’ core/shell structures are closely connected to the core and
shell materials [41]. For instance, the electron–hole pair is confined within the core when
the energy band gap of the shell material is more significant than that of the core material,
and when the energy band gap of core materials is more significant, the electron–hole
pair is confined in the shell [42]. QDs, like carbon quantum dots, are extremely sensitive
to the presence of extra charges, such as electrons or holes, on their surfaces and in their
environment, which can change the photoluminescence and absorption wavelength of QDs.
The functional group present on the surface of carbon quantum dots can absorb and trap
the photon, which can change the emission wavelength of carbon QDs [43]. Due to these
fascinating properties, quantum dots are used in many applications, such as solar cells [44],
lasers [45], and photodetectors [46].

3. Quantum Dot Lasers

Semiconductor spherical nanocrystals (colloidal quantum dots), monolayers, and
nanowires have found usage in the laser industry. CDs offer wide electromagnetic spec-
trum emissions from infrared to the visible range due to their size tunability, optical
transition, and solution processibility. Compared to conventional semiconductors, QD-
based semiconductors are easier to manipulate in size and shape [47,48]. Due to the unique
absorption and emission properties of QDs, it is possible to produce lasing from a single
exciton. A QD laser provides even spacing, low threshold amplification, and continuous
wave operation. The shell absorbs the energy and acts as an antenna when the core–shell
QDs are excited by photons having energies above the energy band gap. These QD outpace
Auger recombination, so the threshold for lasing operation decreases [45].

4. Quantum Dots for Solar Cells

For more than two decades, semiconductor quantum dots (QDs) have attracted much
attention due to the optoelectronic properties based on zero dimensions. Through the QD
band energy level, colloidal quantum dots and self-assembled quantum dots improve the
photogeneration of carriers for photovoltaic applications [49]. By expanding the range of
photoexcitation, theoretically, it is possible to achieve maximum thermodynamic efficiency
although the mechanism of carrier transport and carrier collection also contribute to its
efficiency. Self-assembled and colloidal quantum dots are the two most-used types of
QDs in solar cell applications [50]. The growth of solar cell wafers is also crucial for their
efficiency, including surface passivation and well-controlled heterointerface [51].

Future risks include rising temperatures caused by global warming, shrinking fossil
fuel supplies, and ever-increasing energy needs, which will require scientists and re-
searchers to continuously work on developing efficient and affordable renewable energy
alternatives [52]. Sunlight, which is abundantly available worldwide and can be converted
into electricity or other forms of energy without polluting the environment, is one of the
most commonly used renewable energy sources. Photovoltaic systems are based on con-
verting sunlight into electricity, another valuable form of energy [53]. Photovoltaic device
usage to produce electrical energy has increased, but obstacles still need to be overcome
before these devices can significantly contribute to satisfying the world’s energy needs [54].
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Generally, there are three types of solar cells: traditionally, silicon-based monocrys-
talline and polycrystalline solar cells have been used [55]. The second type is thin-film
solar cells, which are less expensive due to the low cost of absorbing material compared to
silicon. These include copper gallium indium diselenide, cadmium telluride, and organic
solar panels [56]. The third type, perovskite solar cells, uses hybrid organic–inorganic
materials as the light-harvesting active layer. Perovskite materials, such as all-inorganic
cesium lead halides and methylammonium lead halides, are cheap and straightforward to
manufacture. Carrier mobility, doping density, trap density, and diffusion length in films
are crucial factors that affect the performance of photovoltaic devices [57].

Junwei Yang et al. [58] reported synthesizing CdTe core QD-based solar cells. They
used the aqueous route to synthesize QDs. CdTe core QDs were first synthesized and then
deposited on a TiO2 photoanode. An increase in absorption spectrum is observed for CdTe
core QDs compared to CdTe cells. The power conversion efficiency of QD-based solar cells
is increased up to 22% compared to CdTe/CdS plain solar cells. The suppressed charge
recombination is also confirmed in QD-based solar cells. The authors also reported that
thickness plays an important role in quantum efficiency. With optimization of CdSexS1-x
shell thickness, about 7.24% conversion efficiency can be achieved, while Jun Du reported
that Zn–Cu–In–Se alloyed QDs increase the absorption efficiency when deposited on TiO2
film electrode, and reported conversion efficiency up to 11.66% [44].

5. Nanomaterials for Photodetection

Nanomaterials have properties that are suitable for photodetection, especially two-
dimensional nanomaterials Two-dimensional (2D) materials have emerged as promising
candidates for photodetectors due to their unique electrical and optical properties. In
particular, their ultra-thin structure allows for efficient light absorption and carrier transport,
leading to high sensitivity and fast response times. Two examples of 2D materials that are
commonly used for photodetectors are:

Graphene is a single layer of carbon atoms arranged in a honeycomb lattice. It has
excellent electrical conductivity and high carrier mobility, which makes it an attractive
material for photodetectors [59]. When light is absorbed by graphene, it generates electron–
hole pairs, which the graphene’s high carrier mobility can efficiently collect. Graphene
photodetectors have shown high responsivity and fast response times, making them useful
for optical communications and imaging applications, while graphene hybrid composite
materials with metallic nanomaterials and inorganic nanomaterials can increase photosen-
sitivity [60].

Transition metal dichalcogenides (TMDs): TMDs are a family of 2D materials con-
sisting of a transition metal atom sandwiched between two chalcogen atoms. They have
a direct bandgap, which allows for efficient light absorption and emission [61]. TMDs
have shown high sensitivity to light in the visible and near-infrared regions, making them
useful for applications such as biomedical imaging and environmental monitoring. In
addition, TMDs can be easily integrated with other electronic components, making them
promising for on-chip optoelectronics [62]. 2D materials have shown great potential for
photodetector applications due to their unique electrical and optical properties. Graphene
and TMDs are just two examples of 2D materials that are being actively researched for their
photodetection capabilities. As research in this area continues, it is likely that even more
promising 2D materials will be discovered and developed for photodetector applications.

Infrared light detection is essential for biological sensing, spectroscopy, and in-depth
3D imaging. At the same time, semiconductors such as silicon, Cds, HgCdTe, and HgS
are used for photodetectors. However, these materials have a few drawbacks, such as
toxicity, low responsivity, and high cost of fabrication. The imaging performance of the
quantum well photodetector, which is comparable to that of the mercury cadmium telluride
(HgCdTe) detector, has recently attracted a lot of interest [63].
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Following progress in the nanomaterials industry, it has been found that they have
some advantages for photodetection over conventional materials, and the most-used
nanomaterials are quantum well.

Quantum well infrared photodetectors (QWIP) absorb electrons through electronic
intersubband polariton in a quantum well [64]. To be used for infrared detection, the energy
difference between the first and second quantized states of the quantum well infrared
photodetector’s quantum wells must match the energy of the incoming infrared photons.
III-V direct band gap semiconductor gallium arsenide (GaAs) is usually used to make
QWIPs [65].

Therefore, research is also being carried out to create high-performance photodetectors
using these nanomaterials. This review article focuses on quantum dot photodetectors [66].
They have been used in applications such as gas sensors and medical images, etc. Quantum
well infrared detectors also have some limitations, such as the intersubband transition in
the conduction band due to infrared photon polarization not being allowed in quantum
wells [67,68]. This limitation can be overcome by using grating. However, they have a few
more drawbacks, such as higher dark current, low quantum yield, lower responsivity, and
detection level, and require cryogenic temperature to operate, so these limitations can be
fulfilled by quantum dot photodetectors that have similar properties to quantum wells and
also have some advantages due to the confinement of electrons in three dimensions [69].
QDs have reduced dependence on temperature for carrier transport, and carrier lifetime
is also 10–100 times longer, which means that the electron remains excited for a more
extended period, which causes a reduction in the dark current and increases sensitivity.
QD-based detectors can absorb normal incident light without grating [70].

Similar to a quantum well, a quantum dot exhibits detection through the confinement-
induced intraband photoexcitation of electrons. A photocurrent is generated by attracting
the electrons in the collector with an electric field generated by the applied bias.

Colloidal QDs are low-cost materials, due to solution-based fabrication into semicon-
ductor wafers and tunable band gap material, that are used as light emitters in flat panel
displays. QDs are a cheap alternative to III–V group-based materials for imaging and
sensing [71]. Research is being already carried out to make it possible to place QDs in a
complementary metal–oxide–semiconductor (CMOS) circuit and increase the responsivity
of QDs while decreasing the low noise equivalent power. If QDs can emit electrons across a
wide range of the electromagnetic spectrum, they will be more practically efficient [72].

Infrared detectors are mainly categorized based on the material used for detection.
Some of these are already extensively used in industry, including direct band gap semi-
conductor alloys such as HgCdTe and InSb, majority carrier Type-I superlattices, e.g.,
GaAs/AlGaAs QWIPs, and extrinsic semiconductors, e.g., Si: Ga, Ge: Hg. The fourth type
is silicon Schottky barriers such as PtSi, and IrS. At the same time, the other two types
include high-temperature superconductors and QD-based photodetectors, e.g., InAs/GaAs-
based detectors [73,74]. The QD-based photodetector will be discussed in this review.
Examples of quantum dots for photodetection are given below.

6. Lead(II) Sulfide (PbS) Quantum Dots

Lead(II) sulfide (PbS) QDs are special semiconductors with distinctive optoelectronic
characteristics. Their strong absorption coefficient and band gap of 0.35 eV make them
suitable for photovoltaic, photoconductor, and light-emitting diode applications [75,76].
PbS quantum dots are advantageous for sensing and imaging applications because they
also have a high quantum yield and a narrow emission spectrum. Furthermore, their band
gap can be modified by varying the quantum dot size, enabling further improvement of
their optoelectronic characteristics [60,77].

One of these characteristics is their high absorption coefficient, which enables effective
light absorption over a broad range of wavelengths. This is because PbS quantum dots
have a significant quantum confinement effect, which confines the electrons to a limited
area and causes them to have a high absorption coefficient [78].
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The high responsivity of PbS quantum dots is a crucial characteristic that makes them
effective as photodetectors which means more transformation of absorbed photons into
an electrical signal [59,79]. Due to their high electron–hole recombination rate and rapid
electron mobility, PbS quantum dots have a high responsiveness that enables the effective
conversion of absorbed photons into electrical current. PbS quantum dots are also ideally
suited for applications with high sensitivity and low noise because of their excellent signal-
to-noise ratio and low dark current [80,81]. Therefore, lead sulfide (PbS) quantum dots
(QDs) are considered potential material options for next-generation light, affordable, and
flexible photodetectors due to their wide tunable band gaps, high absorption coefficients,
and simple solution synthesis methods.

Alberto Maulu et al. synthesized PbS QDs and then modified their surface properties
by using 3-mercaptopropionic acid (MPA) and tetrabutylammonium iodide (TBAI) [82].
It was observed that modification with this ligand significantly alters the properties of
QDs. MPA-based QDs showed a decrease in dark current and low noise ratio, which
causes the enhancement of detective and photosensitivity compared to TBAI-based QDs.
MPA-modified QDs have functional group (Pb–OH bonds), while TBAI has a functional
group (Pb–I bond), which is the primary reason for the Pb enhancement properties.

QDs used the trap sensitization method to show photoconductivity, increasing the
responsivity but decreasing the response time for low optical power. At medium power
incidents, light, when traps are filled with both types of photodetector, shows similar types
of properties.

Urvashi Bothra et al. investigated the effect of ligands on PbS properties. They showed
that a PbX2 [X = I, Br])-based photodetector decreases the trap density compared to a
PbS-based device, which increases the performance of (PbS) PbX2-based devices [83].

Jin Beom Kwon et al. fabricated short-wave infrared (SWIR) photodetectors based on
PbS QDs [84]. These infrared photodetectors minimize the harmful effect caused by the low
wavelength band of SWIR. They fabricated a PbS photodetector with an absorbance peak at
1410 nm and used poly(3-hexylthiophene) (P3HT) as a conductive polymer with PbS QDs.
Measurements were made on the properties of the synthesized PbS QDs, and the current–
voltage (I–V) features of the PbS SWIR photodetectors. The maximal responsiveness of the
PbS SWIR photodetector with P3HT optimization was found to be 2.26 times greater than
that of the PbS SWIR photodetector without P3HT. Moreover, the former demonstrated a
reduced operating voltage due to the high hole mobility and an adequate highest occupied
molecular orbital level of P3HT. Figure 2 shows the I–V characteristics of the PbS-based
photodetector.

 

Figure 2. I–V characteristics of (a) PbS SWIR photodetector without P3HT polymer and (b) PbS SWIR
photodetector with P3HT polymer [84].
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To compare their performance, they measured the I–V characteristics and responsive-
ness of the manufactured PbS SWIR photodetectors. The electron–hole pairs produced in
the photoactive layer of the PbS SWIR photodetectors were removed from the electrodes
by an external electric field when exposed to IR light. When the IR light source was turned
off, the dark current was measured, and the light current was measured when the light
source was turned on. The output power of the IR light source was 1 W/m2, and the
voltage sweep range was between −5 V and 5 V. The highest current difference between
the dark current and light current and responsivity was recorded at −5 V in the case of
the PbS SWIR photodetector without a P3HT layer. The largest current difference was
23.72 mA, and when this was divided by the input voltage, the corresponding responsivity
was calculated as 2635.6 A/W. The PbS SWIR photodetector with a P3HT layer exhibited
the best properties when applying 20 mg/mL of P3HT. The greatest current difference was
confirmed to be 5891.1 A/W, which is 2.26 times greater than SWIRs, and the maximum
current difference was 53.02 mA at −5V.

The drawbacks of current single-layer PbS-QDs photodetectors include excessive
dark currents, slow light responses, and poor on–off ratios. It has been demonstrated that
combining high-conducting graphene with organic materials and metal nanoparticles to
create hybrid PbS-QDs devices can increase photoresponsivity. However, these hybrid
devices bring other problems, and Zhenwei Ren et al. [80] synthesized the bilayer QDs
device, which can be easily integrated into a flexible polyimide substrate. It increases the
responsivity, signal-to-noise ratio, linear dynamic, and detection.

Moreover, this improvement in the device’s properties is attributable to QDs’ signifi-
cant role. For example, the QDs junction accelerates carrier separation when the light is on.
When the light is off, the QDs support the recombination of accumulated carriers in two
films via the interface. Junction control is more dominant than trap control, which is the
main determining factor in single-layer devices. They fabricated the bilayer photodetector
using tetrabutylammonium iodide (TBAI)- and 1,2-ethanedithiol (EDT)-treated QDs. They
compared it with a single-layer detector and observed that the bilayer photodetector en-
hanced optoelectronic properties. The bilayer PbS- TBAI/PbS-EDT devices have higher
light current and detection efficiency, while the responsivity of PbS- TBAI/PbS-EDT is
comparable to PbS-EDT devices due to the very close photocurrent.

It can be concluded that surface functional chemistry and modification of PbS with
ligands improve the performance, and hybrid structure with modifications from different
ligands can also improve the performance.

7. Indium Arsenide (InAs) Quantum Dots

Indium arsenide (InAs) quantum dots (QDs) are also potential materials for photode-
tector sensors due to their distinct optical and electrical characteristics. These QDs are
especially beneficial for NIR photodetectors due to their high near-infrared (NIR) absorp-
tion coefficient [85]. NIR imaging is one possible use for InAs QD-based photodetectors.
Due to InAs QDs’ band gap, developing highly sensitive NIR imaging systems with them
is possible. These gadgets are used in telecommunications for sensing, night vision, and
medical imaging [86]. Deep-tissue imaging, optical communication, and covert illumina-
tion are just a few of the optoelectronics and biomedical uses for indium arsenide quantum
dots, which typically emit in the near-infrared spectrum. Systems with bigger optical band
gaps have yet to be produced, despite theory suggesting that further quantum confinement
through size reduction could enable visible light emission.

NIR spectroscopy is another use for InAs QD-based photodetectors. Due to the NIR
light detection capability, highly sensitive NIR spectroscopy devices can be made [87].
Additionally, the development of optoelectronic devices such as solar cells, LEDs, and
lasers has utilized InAs QD-based photodetectors. These devices can increase the efficiency
of solar cells and other optoelectronic devices by effectively converting light into electrical
energy. Applications for these devices include bio-photonics, environmental monitoring,
and chemical sensing [88,89].
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Overall, because of their distinct optical and electrical characteristics, as well as their
capacity to detect NIR light, InAs QDs have the potential to be utilized in a variety of
photodetector applications. They might find use in spectroscopy, optoelectronic devices,
and NIR imaging [90]. InAs quantum dots (QDs) might have a different band gap depend-
ing on their size and shape. Due to quantum confinement, the band gap of InAs QDs is
typically between 0.35 and 0.4 eV, which is lower than that of bulk InAs (0.36 eV) [91],
which is shown in Figure 3.

 

Figure 3. Photoluminescence spectra of In(Zn)As/ZnSe/ZnS QDs synthesized with different amounts
of stearic acid (SA) ligand relative to the initial zinc precursor under UV illumination (Reproduced
from [92], with permission from ACS Publications).

A low-temperature nanocluster synthesis technique was used by Daryl Darwan et al.
to create highly luminous, visible-light-emitting In(Zn)As/ZnSe/ZnS QDs [92]. Each QD
has an ultra-confined In(Zn)As nanocluster and emits light with a high photoluminescence
quantum efficiency of 58% at tunable wavelengths between 538 and 640 nm. Theoretical
calculations support the hypothesis that In(Zn)As nanoclusters are responsible for the
infrared to visible spectral shift. This suggests that optical tuning in the visible region is
also possible by utilizing confined semiconductor systems with a wide range of applications.
The schematic is shown in Figure 4. Using an ultra-confinement technique, they were able
to extend the spectrum coverage of InAs-based QDs into the visible range.

8. Organic Materials Based on Quantum Dots

Organic materials, such as polymers or small organic compounds, are used to create
organic quantum dots (OQDs), a particular kind of quantum dot. Due to their special
optical and electronic characteristics, they could be used in photodetector sensors. Organic
photovoltaics is one potential use for OQD-based photodetectors (OPVs) [93,94]. The active
layer in OPVs, which transform light into electrical energy, can be made of OQDs. OQDs
may absorb various wavelengths, which can enhance the efficiency of OPVs. They could
also be used to make solar cells that are less expensive than ordinary inorganic solar cells.
OQD-based photodetectors can also be used in flexible and wearable gadgets. OQDs offer
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thin, bendable, and solution-processable advantages, making them ideal for application in
bendable and flexible products such as flexible screens and wearable technology [95].

Devices for sensing and bioimaging have also been created using OQDs. OQDs have
the potential to be used in biosensing and biomedical imaging, as well as optical imaging.
They are advantageous in these applications because of their high quantum yield, strong
stability, and great sensitivity [96]. OQDs are a promising material for photodetector
sensors overall because of their distinct optical and electronic characteristics and their
potential for usage in a variety of applications, including solar cells, flexible and wearable
devices, and bio-imaging and sensing equipment [97].

9. Carbon-Based Materials for Photodetection

Carbon materials, such as carbon nanotubes, graphene, and fullerenes, are used
to synthesize carbon-based quantum dots (CQDs), a particular kind of quantum dot.
Due to their extraordinary optical and electronic characteristics, they could be used in
photodetector sensors [98].

The photodetection of diverse wavelength ranges is one potential use for CQD-based
photodetectors. It has been demonstrated that carbon-based quantum dots have a broad
absorption spectrum, making them appropriate for use in photodetectors that must detect a
variety of wavelengths [99]. They are, therefore, very beneficial for multi-spectral imaging
and sensing. High-speed optoelectronics is a further possible use for CQD-based photode-
tectors. Because of their rapid response times, carbon-based quantum dots can be used
in high-speed optoelectronic systems, including optical communications and high-speed
data transfer [100]. Devices enabling sensing and bioimaging have also been made with
CQDs. The unique optical and electrical characteristics of carbon-based quantum dots
make them suitable for biosensing and bioimaging applications, including in vivo imaging.
They are helpful in various applications due to their high quantum yield, outstanding sta-
bility, and great sensitivity [101]. CQDs are a promising material for photodetector sensors
overall because of their distinctive optical and electronic properties and their potential to
be employed in a variety of applications, including multi-spectral imaging and sensing,
high-speed optoelectronics, and bio-imaging and sensing devices [102].

Both graphene quantum dots (GQD) and carbon dots (CD) are being studied for
potential application in photodetector sensors. Small, carbon-based nanoparticles known
as CDs have been shown to exhibit robust fluorescence characteristics [103]. On the other
hand, GQDs, which are small graphene flakes, have been discovered recently to have
fluorescence characteristics similar to those of CDs, with the added advantage of being
more stable and simpler to functionalize. CDs and GQDs are promising candidates for
photodetector sensors due to their efficiency at absorbing light and transforming it into
an electrical signal [104].CDs’ performance is negatively influenced by their inefficient
near-infrared (NIR-I and NIR-II) excitation and emission. By resolving this, CDs can be
utilized for in vivo bioimaging.

10. Graphene Quantum Dots (GQDs)

There may be applications for graphene quantum dots (GQDs), tiny graphene sheets,
in photodetector sensors. Their unique electrical and optical features make them suitable
for sensing technologies. GQDs have been found to possess strong fluorescence properties,
effectively absorbing light and turning it into an electrical signal [105]. GQDs are extremely
stable and may be functionalized with various chemical groups, enabling precise control
over their optical and electrical characteristics. They are beneficial for sensing applications
requiring specificity and sensitivity [106].

Graphene, in particular, is a 2D monolayer of sp2 hybrid carbon. At the Dirac point,
graphene’s conduction band meets with its valence band. This causes a linear dispersion
relationship, making it a zero-band gap semiconductor with zero density of electronic
states and an incredibly high room temperature carrier mobility [107]. The broad spectrum
response and quick response of graphene are perfect photoelectric qualities due to its zero-
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band gap semiconducting nature. Although graphene quantum dots have lesser absorption
and responsiveness, researchers are primarily focusing on hybridizing graphene with
high-absorption materials to enhance photodetection capability like quantum dots [108].

GQDs are also ideally suited for photodetectors and other optoelectronic devices
due to their outstanding charge transfer characteristics. Different photodetector designs,
including p–n junction, Schottky, and photoconductive ones, can incorporate GQDs [109].
They are helpful for various sensing applications because they can detect a wide range of
wavelengths, from visible to infrared.

Molahalli Vandana et al. fabricated a UV-based photodetector by utilizing graphene
QDs with polypyrrole polymer [110]. They used two different amounts of graphene, 20
and 40 mL in polypyrrole, labeled as PGC2 and PGC4, while single graphene QDs (GQDs)
were also utilized. The active layer of ITO electrode was illuminated with UV light of 265
and 355 nm for about 200 s. The graphene QDs are an excellent light absorber and electron
donor to increase the carrier concentration. Figure 4 compares the photocurrent of GQDs,
PGC2, and PGC4.

Figure 4. Comparison between the photocurrents of three photodetector devices under illumina-
tion [110].

PGC2 and PGC4 show responsivity of about 0.33 μA/W and 0.36 μA/W and corre-
sponding photocurrent of 2.65 μA and 2.9 μA when illuminated at wavelength 265 nm,
while a responsivity of 1.93 and 2.33 μA/W and photocurrent of 15.5 μA and 18.7 μA was
observed for PGC2 and PGC4 when illuminated with UV light of 355 nm. Based on the
results, which show that the PGC4 photodiode had the highest 18.7μA photocurrent, it can
be concluded that the quantum dots in the polymer boosted electron mobility due to the
high electrical properties of the nanocomposite.

11. Carbon Dots

Carbon QDs are nanomaterials made of carbon, similar to substances such as nanodia-
monds, fullerenes, carbon nanotubes, graphene, and graphene oxide. Small, water-soluble
carbon nanoparticles known as carbon dots (CDs) have been shown to have potential uses
in photodetector sensors [111]. CDs are a desirable material for use in sensing technologies
due to their distinctive electrical and optical characteristics. Strong fluorescence qualities
have been discovered in them, making them efficient at absorbing light and transforming it
into an electrical signal [112]. CDs’ high quantum yield and outstanding stability have been
found to make them appropriate for use in photodetectors [113]. The precise control of
their optical and electrical properties is made possible by their simplicity in synthesis and
functionalization. As a result, they are advantageous for sensing applications that demand
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specificity and sensitivity [114]. CDs’ superior charge transport characteristics have also
been discovered, making them suitable for photodetectors and other optoelectronic devices.
Many photodetector designs, including p–n junction, Schottky, and photoconductive ones,
can incorporate CDs [115]. They are helpful for various sensing applications because they
can detect a wide range of wavelengths, from visible to infrared. Additionally, CDs are non-
toxic and biocompatible, which makes them advantageous in medicinal applications such
as cancer therapy and bioimaging. Additionally, CDs can be functionalized with different
biomolecules to enable the detection of certain biomolecules and biological activities [116].

They have gained attention due to their environmentally friendliness, chemical stabil-
ity, and good conductivity, making them useful in various fields such as biomedical and
biotechnological research, solar cells, light-emitting devices, imaging, electrochemical stud-
ies, and electrochemiluminescence studies [117]. Carbon dots are a class of nanoparticles
composed mainly of carbon and oxygen, while some amino and carboxyl functional groups
are also present on the surface [118]. These nanodots have unique optical, electrical, and
chemical properties that make them highly versatile and helpful in various applications.
Some of the critical properties of carbon dots include: Size: Carbon dots are nanoparticles
with diameters ranging from 1 to 10 nanometers. Their small size allows them to display
unique properties and quantum confinement effects, which are helpful for a number of ap-
plications. These properties make carbon dots valuable for various applications, including
sensors, catalysts, and energy storage and conversion. Luminescence: Carbon dots can emit
light, making them useful for applications such as biosensors and imaging [119]. Chemical
stability: Carbon dots are highly stable in many different chemical environments, including
basic and acidic conditions. Their stability makes them useful for sensing and imaging
applications. Conductivity: Since CDs have excellent electrical conductivity, carbon dots
can be used in photovoltaic and energy storage applications [120]. Biocompatibility: Due
to their non-toxicity and biocompatibility, carbon dots can be used in biological systems
without damaging healthy cells. Surface functionalization: The surface of carbon dots
can be modified with different chemical groups, enabling them to be useful for specific
purposes [121]. Optical properties: Carbon dots can absorb light in the ultraviolet and
near-infrared parts of the spectrum, making them useful for specific applications. For
example, their strong absorbance in these spectrum regions can be utilized in solar cells to
absorb and convert sunlight into electricity and in LED lighting to provide energy-efficient
and long-lasting light sources [122]. CDs can emit light when excited by an external energy
source, such as electricity or heat. The emission wavelength, or the specific range of wave-
lengths that the light emitted by CDs falls within, can be manipulated by changing the size
and composition of the CDs. This can be achieved by using different starting materials or
synthesis methods while synthesizing CDs. Solubility: Since they are highly soluble in a
wide range of solvents, including water, carbon dots are simple to handle and incorporate
into different systems [123]. High surface area: The small size of carbon dots results in
a high surface area, which makes them ideal for applications such as catalysis and drug
delivery [123].

One crucial property of CDs is their ability to emit light when excited by light, also
known as photoluminescence. The photophysical responses of CDs, including their light
absorption and emission, are influenced by the isolated network of sp2 carbon bonds in
their structure [123]. In contrast, extended networks of carbon bonds, as found in carbon
nanotubes, graphite, and graphene, do not interact with light as strongly. This may be due
to the rapid recombination of photogenerated electrons and holes without the emission
of radiation. CDs typically absorb light over a broad range of wavelengths [124]. They
can absorb light over a wide range of wavelengths, but the specific wavelength at which
they emit light is determined by the population of a particular energy level or “domain”
and the surface properties of the quantum dots. This phenomenon, known as excitation-
dependent emission, is a characteristic of CDs arising from these nanomaterials’ surface
state. Essentially, the surface of the quantum dots plays a crucial role in determining
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the specific wavelength at which they will emit light when excited by an external energy
source [125].

Carbon dots have a high absorption coefficient, which implies they can absorb a lot
of light, in addition to their fluorescence and quenching qualities. Due to their ability to
transform light into energy that may be utilized to treat a range of medical problems, they
are valuable in phototherapy applications [126].

K. Sarkar et al. [127] show the use of carbon dots (CDs) synthesized from Carica Pa-
paya through a facile synthesis method as a potential broadband photodetector in a hybrid
(organic–inorganic) heterostructure with a silicon wafer. The engineered CDs’ maximum
detectivity and responsivity are around 1 A W−1 and 2 × 1012 Jones, respectively. The de-
vice structure ensures a promising photodetector technology comparable to silicon process
technology through a cheap and simple fabrication process. Additional optimization effort
and defect engineering can speed up switching.

Sergii Kalytchuk et al. demonstrated the synthesis of purple-emissive CDs utilizing
folic acid as the only precursor in a simple and reproducible process [128]. The CDs have
a high photoluminescence quantum yield of 54.6% and emit light at a wavelength of 390
nm, which is independent of the excitation wavelength and integrates the emission color
spectrum of intensely glowing carbon dots to purple. They employed CDs to increase the
silicon photodetector’s UV range sensitivity. It was found that the photoresponsivity of the
silicon photodetector in the UV range of 0.8 to 2.5 mA/W was enhanced by 203.8% with
CDs’ integration.

Di Li et al. [129], by modifying the surface of CDs with functional groups of sulfox-
ide/carbonyl, changed the optical band gap of CDs. They proposed a mechanism for
improved NIR emission, which can be seen in Figure 5. The CDs have a layered structure,
and the outer layers have bonding sites. The interaction between the S = O/C = O functional
group and layers increased surface oxidation, which caused the reduction in the lowest
unoccupied orbital (LUMO). As a result, these functional groups disrupt CDs’ organized
structure. Due to the increased surface oxidation, the LUMO orbitals are lower in the outer
layers compared to the inner layers and cause the NIR emission of CDs.

Figure 5. Non-treated CDs (left column) and CDs modified with S = O/C = O rich molecules (right
column). The red (oxygen atom) and green double-bonded balls represent the C = O/S = O rich
molecule (Reproduced from [129], with permission from John Wiley & Sons, Inc.).

12. Future Prospects and Conclusions

Several optoelectronics applications that have been utilized as a result of advancements
in nanomaterial synthesis were covered in this study. Researchers have used QDs in various
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devices, including solar cells, lasers, and photodetectors. Quantum dots act differently from
bulk materials in light emission and absorption due to the quantum confinement effect,
which is favorable for laser and solar panel applications. This review briefly discussed
different optoelectronic devices based on QDs.

QDs in photodetectors have a bright future, with the possibility of increased per-
formance, reduced costs, and new applications. Future quantum dot photodetectors are
expected to have several benefits over current photodetectors. They could, for instance,
offer greater sensitivity, faster response times, and lower noise levels. Since they can
be tailored to absorb light over a broad range of wavelengths by altering their size and
composition, they are also anticipated to be more flexible.

Factors contributing to the usefulness of QDs as compared to a traditional photodetec-
tor that is discussed in this review include:

1. Quantum dot-based photodetectors have the potential to provide greater efficiency
than conventional detectors, particularly in the infrared spectrum because they can be
engineered to have a very narrow absorption spectrum that fits the wavelength of the
incident light, whereas organic QDs have a wide surface area, which enables them to
efficiently absorb light and produce a large number of excitons (electron–hole pairs)
which are useful for photodetectors.

2. Low-cost, solution-based techniques can be used to make quantum dot-based pho-
todetectors. This could make them more affordable than current photodetectors,
particularly for applications involving large areas, while organic QDs can be de-
posited on flexible substrates, which enables the use of wearable electronics, among
many other uses.

3. A faster reaction time is possible because of QDs, which can be used to construct
photodetectors with quick response times that are suited for high-speed applications.

4. QDs can be combined with other electronic components to build hybrid devices with
cutting-edge features. For instance, these could be combined with complementary
metal–oxide–semiconductor technology to produce inexpensive, high-performing
bio-imaging systems.

5. Since QDs are more flexible in combining organic and inorganic materials, their
properties can be easily changed to suit different needs.

PbS quantum dots have a high electron–hole recombination rate and rapid electron
mobility, which increases the responsivity and improves the efficiency of the conversion
of photons into electric current. PbS quantum dots’ properties can also be modified
with ligand reactions. Bilayer PbS quantum dots with different modification ligands,
tetrabutylammonium iodide (TBAI), and 1,2-ethanedithiol (EDT) devices have higher light
currents and detections.

This review study also discusses indium arsenide (InAs) quantum dots (QDs). It was
shown that due to their high infrared absorption coefficient, they make good photodetectors
in the region of infrared detection. They are helpful for imaging at infrared wavelengths
as well.

This review discusses organic quantum dots such as graphene, particularly carbon
quantum dots. CDs’ particular electrical and optical properties make them desirable
materials for sensing technologies. They have been shown to possess strong fluorescence
properties, effectively absorbing light and converting it into an electrical signal. Their
ease of synthesis and functionalization allows precise control of their optical and electrical
properties. They are, therefore, beneficial for photodetectors that require specificity and
sensitivity.
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Abstract: The distributed Bragg reflector (DBR) has been widely used in flip-chip micro light-emitting
diodes (micro-LEDs) because of its high reflectivity. However, the conventional double-stack DBR has
a strong angular dependence and a narrow reflective bandwidth. Here, we propose a wide reflected
angle Ti3O5/SiO2 DBR (WRA-DBR) for AlGaInP-based red and GaN-based green/blue flip-chip
micro-LEDs (RGB flip-chip micro-LEDs) to overcome the drawbacks of the double-stack DBR. The
WRA-DBR consisting of six sub-DBRs has high reflectivity within the visible light wavelength region
at an incident angle of light ranging from 0◦ to 60◦. Furthermore, the influence of the WRA-DBR and
double-stack DBR on performances of RGB flip-chip micro-LEDs is numerically investigated based on
the finite-difference time-domain method. Owing to higher reflectivity and less angular dependence
of the WRA-DBR, the RGB flip-chip micro-LEDs with the WRA-DBR have a stronger electric field
intensity in the top side in comparison with RGB flip-chip micro-LEDs with the double-stack DBR,
which indicates that more photons can be extracted from micro-LEDs with the WRA-DBR.

Keywords: distributed Bragg reflector; flip-chip; micro-LED; FDTD

1. Introduction

Micro light-emitting diodes (micro-LEDs) have been highlighted as a promising can-
didate for the realization of next-generation display panels with high dynamic range
(HDR) and high resolution because of their numerous advantages such as high luminance,
outstanding power efficiency, fast response time, stability, long lifetime, and wide color
gamut [1–9]. The full-color micro-LED display panels can be realized by a combination of ef-
ficient red, green, and blue micro-LEDs (RGB micro-LEDs) [10–13]. However, to realize the
above applications, the external quantum efficiency (EQE) of RGB micro-LEDs should be
further improved. A number of methods applied to broad-area LEDs for improving the effi-
ciency could also be applied to micro-LEDs, such as flip-chip technology [6,14–20], surface
roughening [21,22], chip shaping [23–25], and patterned sapphire substrate (PSS) [26–29].
Among these methods, flip-chip technology is widely used in micro-LEDs due to its advan-
tage in light extraction efficiency (LEE), heat dissipation, and current spreading.

It is well known that the light generated in the multiple quantum wells (MQWs) active
region emits in all directions. In flip-chip micro-LEDs, we expect that light emits to air
mainly from the top substrates. However, a myriad of light generated in MQWs travels
downward, which does not make any contributions to the LEE. A bottom reflector plays
an essential role in improving the LEE by reflecting the light back into the top substrates.
The distributed Bragg reflector (DBR) has been extensively used as the bottom reflector
owing to its high reflectivity in a specific wavelength region [30–32]. A typical DBR is
made by stacking low refractive index dielectric layers (e.g., SiO2) and high refractive
index dielectric layers (e.g., TiO2 and Ti3O5), exhibiting a low absorption in the visible light
region. Five pairs of TiO2/SiO2 single-stack DBR designed for GaN-based green LEDs
exhibited that the reflective bandwidth with a high reflectivity (>80%) was larger than
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100 nm [31]. A double-stack DBR optimized for two different central wavelengths was
designed to provide a higher reflectivity and a larger reflective bandwidth in comparison
with a single-stack DBR [33]. Nevertheless, the double-stack DBR still shows severe angular
dependence, which hinders further improvement of LEE in flip-chip micro-LEDs. A full-
angle DBR composed of 14 sub-DBRs optimized for central wavelength in blue, green, and
red wavelength regions exhibited a wide reflective bandwidth and alleviated the angular
dependence [34]. However, the reflective bandwidth of the full-angle DBR is limited in
the blue and green light wavelength region, which is not suitable for red micro-LEDs.
Therefore, to improve the performance of the RGB flip-chip micro-LEDs, a DBR with wider
reflective bandwidth covering the whole visible light wavelength region and less angular
dependence is required.

To overcome the above-mentioned drawbacks of the DBRs, we propose a wide re-
flected angle Ti3O5/SiO2 DBR (WRA-DBR). The WRA-DBR is composed of six sub-DBRs
optimized for different central wavelengths ranging from the blue light wavelength region
to the red light wavelength region. The WRA-DBR has a superior reflectivity within the
whole visible light region and exhibits less angular dependence. The average reflectivity
of the WRA-DBR at a normal incident angle of light within the wavelength region from
400 nm to 700 nm can reach up to 99.73%. Furthermore, the average reflectivity of the WRA-
DBR is up to 97.93% when the incident angle of light is 60◦. Compared to conventional
double-stack DBR, the WRA-DBR exhibits a wider reflective bandwidth and alleviates
the angular dependence. To further evaluate the effect of the WRA-DBR on the optical
performance of RGB micro-LEDs, a simulation was carried out by using finite difference
time domain (FDTD) method. The result demonstrates that the WRA-DBR can act as a
potential candidate for realizing high-efficiency RGB flip-chip micro-LEDs.

2. Model and Methods

The DBR, based on the thin-film interference effect, is an array of multilayer stacks
composed of two kinds of dielectric layers with high and low refractive indices. The
dielectric layer thickness can be calculated by the following formula [35]:

n1 t1 = n2 t2 = λ/4, (1)

where the n1 and n2 are refractive indices of the high refractive layer and the low refractive
layer, respectively, the t1 and t2 are thicknesses of the high refractive layer and the low
refractive layer, respectively, and λ is the central wavelength.

Figure 1a shows the schematic illustration of the single-stack DBR. The single-stack
DBR consists of N periods of layer 1 and layer 2. The refractive indices of layer 1 and layer 2
are n1 and n2, respectively. The thicknesses of layer 1 and layer 2 are t1 and t2, respectively.
We consider the refractive indices of the incident medium and the substrate are n0 and
n3, respectively. The reflection coefficient and reflectivity of the single-stack DBR can be
calculated based on the transfer matrix method (TMM). From the TMM, the total transfer
matrix M can be calculated according to the following equation [36,37]:

M =

(
M11 M12
M21 M22

)
= D−1

0

[
D1P1D−1

1 D2P2D−1
2

]N
D3 (2)

the reflection coefficient can be expressed as

r =
M21

M11
, (3)
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the dynamical matrix for the medium α can be expressed as [36,37]

Dα =

⎧⎪⎪⎨
⎪⎪⎩

(
1 1

nα cos θα −nα cos θα

)
for TE wave(

cos θα cos θα

nα −nα

)
for TM wave

, α = 0, 1, 2 and 3 (4)

the propagation matrix is given by

Pα =

(
exp(iφα) 0

0 exp(−iφα)

)
, α = 1, 2 (5)

and
φα =

2π

λ
nαtα cos θα, α = 1, 2 (6)

where λ is the wavelength of incident light, and θα is the incident angle of light in the
dielectric layer calculated by Snell’s law of refraction:

n0 sin θ0 = n1 sin θ1 = n2 sin θ2 = n3 sin θ3 (7)

Figure 1. (a) Schematic illustration of a single-stack DBR consisting of N periods of layer 1 and layer
2. (b) Schematic illustration of DBR consisting of several sub-DBRs. Ni (i = 1, 2, 3 . . . ) is the periods
of the sub-DBRs.

Then, the reflectivity of the single-stack DBR can be calculated by the following equation:

R = r2 (8)

Figure 1b shows the schematic illustration of the DBR consisting of several single-stack
DBRs (sub-DBRs). Ni (i = 1, 2, 3 . . . ) is the periods of the sub-DBRs. The total transfer
matrix of the DBR is

M =

(
M11 M12
M21 M22

)
= D−1

0

[
D1P1D−1

1 D2P2D−1
2

] N1 · · ·
[
D1P1D−1

1 D2P2D−1
2

] Ni
D3 (9)

Then, the reflectivity of the DBR can be calculated from the above-mentioned equations.

3. Results and Discussion

Based on TMM, we investigate the angular dependence and reflective bandwidth
of the double-stack Ti3O5/SiO2 DBR. The double-stack Ti3O5/SiO2 DBR is designed and
modeled by TFCalc software. The double-stack DBR consists of two sub-DBRs, which
are composed of 12 periods of Ti3O5/SiO2. The refractive indices of Ti3O5 and SiO2 in
the simulation are fixed at 2.37 and 1.46, respectively. The central wavelengths of the two
sub-DBRs are optimized for 465 nm and 630 nm, respectively. Therefore, the thicknesses of
Ti3O5/SiO2 dielectric layers are 48.97 nm/79.68 nm and 66.34 nm/108.00 nm, respectively.
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Figure 2a shows the schematic illustration of the double-stack DBR structure. Figure 2b
shows the reflectance spectra of the double-stack DBR. The electroluminescent (EL) spectra
of red, green, and blue micro-LEDs are also shown in Figure 2b. The peak wavelengths of
red, green, and blue micro-LEDs are 630 nm, 520 nm, and 465 nm, respectively. It is clearly
seen in Figure 2b that the reflectivity of the double-stack DBR is high within the whole
visible light region when the incident angle of light is 0◦. However, as the incident angle
increases, the reflective bands exhibit a blueshift and the reflectivity decreases sharply in
blue and green light wavelength regions. This result indicates that the double-stack DBR
has a strong angular dependence.

 

Figure 2. (a) Schematic illustration of double-stack DBR structure. (b) Reflectance spectra of the
double-stack DBR as a function of incident angle.

To suppress the sharp decrease in the reflectivity in blue and green light wavelength
regions, DBR III is designed by inserting a sub-DBR stack into the double-stack DBR. The
inserted sub-DBR is optimized for a central wavelength at 520 nm, and the thickness of
Ti3O5/SiO2 of the inserted sub-DBR is 55.81 nm/90.82 nm. The total periods of DBR III are
the same as that of double-stack DBR, which means that DBR III is composed of 24 periods
of Ti3O5/SiO2. Therefore, each sub-DBR of DBR III is made of eight periods of Ti3O5/SiO2.
Figure 3b shows the reflectance spectra of DBR III as a function of incident angle of light.
After adding a sub-DBR, the sharp decrease of reflectivity of the double-stack DBR in the
blue and green light wavelength region is alleviated, revealing that the added sub-DBR
can broaden the reflective bandwidth. However, the reflectivity of DBR III in the red light
wavelength region at a large incident angle of light remains relatively low.

 
Figure 3. (a) Schematic illustration of DBR III structure. (b) Reflectance spectra of the DBR III as a
function of incident angle.
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To further improve the reflectivity of the DBR in the red light wavelength region,
DBR IV with a combination of DBR III and another sub-DBR optimized for the central
wavelength at 650 nm is designed, and the thickness of Ti3O5/SiO2 of the inserted sub-DBR
is 68.45 nm/111.38 nm. Each sub-DBR of DBR IV is composed of six periods of Ti3O5/SiO2.
Figure 4a shows the schematic illustration of the DBR IV structure. Figure 4b shows the
reflectance of DBR IV. As shown in Figure 4b, the reflectivity is high when the incident angle
of light is below 40◦. However, the reflectivity of DBR IV at a large incident angle of light
is not greatly improved in comparison with DBR III. To further enhance the performance
of DBR IV, we investigate the influence of the sub-DBR optimized for different central
wavelengths on the reflectivity. Figure 4c shows the reflectance spectra of DBR IV with the
added sub-DBR optimized for different central wavelengths when the incident angle of
light is 60◦. The average reflectivity increases as the central wavelength of the sub-DBR
increases from 650 nm to 730 nm. When the central wavelength of the inserted sub-DBR is
730 nm, the average reflectivity of DBR IV is larger than 90%. Therefore, we adopted the
inserted sub-DBR optimized for the central wavelength at 730 nm.

 

Figure 4. (a) Schematic illustration of DBR IV structure; (b) reflectance spectra of the DBR IV as a
function of incident angle; (c) reflectance spectra of DBR IV with an added sub-DBR optimized for
different central wavelengths at an incident angle of 60◦.

To overcome the drawbacks outlined above, the WRA-DBR structure with a combina-
tion of DBR IV and another two sub-DBRs is designed. The thicknesses of Ti3O5/SiO2 of
the two sub-DBRs are 46.34 nm/75.39 nm and 78.98 nm/128.51 nm, respectively. Mean-
while, the central wavelengths of sub-DBRs and number of periods of Ti3O5/SiO2 in the
WRA-DBR are 440 nm/4 periods, 465 nm/4 periods, 520 nm/4 periods, 630 nm/5 periods,
730 nm/3 periods, and 750 nm/4 periods, respectively. Figure 5a shows the schematic
of the WRA-DBR structure. Figure 5b shows the reflectance spectra of the WRA-DBR at
different incident angles of light. Among all the mentioned DBRs, the WRA-DBR possesses
the widest reflective bandwidth. It should be mentioned that the average reflectivity of
the WRA-DBR at a normal incident angle of light is 99.73% within the wavelength region
from 400 nm to 700 nm. The reflectivity of the WRA-DBR can reach up to 97.93% within the
wavelength region from 400 nm to 700 nm when the incident angle of light is 60◦, indicating
that the WRA-DBR has alleviated the angular dependence.

We investigate the influence of the double-stack DBR and the WRA-DBR on the
performance of RGB flip-chip micro-LEDs using the finite-difference time-domain (FDTD)
method. Figure 6 shows the simulation models of the RGB flip-chip micro-LEDs with the
double-stack DBR and the WRA-DBR. The optical parameters and the thicknesses of each
layer of the RGB flip-chip micro-LEDs are shown in Table 1. The AlGaInP-based red micro-
LED consists of ITO, p-GaP, p-AlInP, MQWs, n-AlGaInP, and n-GaAs. The GaN-based green
and blue micro-LEDs are composed of ITO, p-GaN, MQWs, and n-GaN. The sidewalls
of the RGB micro-LEDs are inclined and the inclination angle is 70◦ [38]. For simplicity,
the metal electrode layer of the micro-LEDs is neglected. Considering the memory of
the computer and computing time, the size of micro-LEDs is set to be 8 μm × 8 μm. The
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perfect matched layer (PML) is used to avoid the reflected electromagnetic wave at the
boundary of the micro-LEDs. A 9 × 9 dipole source array is placed in the MQWs as a
light source, and the space between dipoles is set to 0.8 μm. The emission wavelengths of
the dipole sources in the RGB micro-LEDs are 630 nm, 520 nm, and 465 nm, respectively.
A cross-sectional discrete Fourier transform (DFT) monitor is used to obtain the electric
field distribution and a transmission box monitor is used to calculate the LEEs. Figure 7a–f
show the electric field distributions of RGB flip-chip micro-LEDs with the double-stack
DBR and WRA-DBR. In Figure 7a–f, region I is the bottom external space of micro-LEDs
and region II is the top external space of the micro-LEDs. According to the electric field
distributions shown in Figure 7a–f, it can be observed that there exists a weaker electric field
intensity in the WRA-DBR in comparison with the electric field intensity in the double-stack
DBR, indicating that the WRA-DBR has a higher reflectivity than the double-stack DBR.
Therefore, more photons will be reflected upward to region II. Furthermore, compared to
RGB flip-chip micro-LEDs with a double-stack DBR, stronger electric field intensity exists
in the air of region II outside the RGB flip-chip micro-LEDs with the WRA-DBR, implying
that the photons are more likely to be extracted from RGB flip-chip micro-LEDs with the
WRA-DBR. Moreover, the LEEs of each face of the RGB micro-LEDs with the double-stack
DBR and WRA-DBR are shown in Figure 7g–i. In Figure 7g, the LEEs of blue micro-LEDs
with the double-stack DBR and blue micro-LEDs with the WRA-DBR are almost same.
The reason for the similar LEEs in the blue micro-LEDs with the double-stack DBR and
WRA-DBR is that the double-stack DBR and WRA-DBR both perform well in the blue
light region. From the results of Figures 7h and 7i, it can be observed that green and red
micro-LEDs with the WRA-DBR exhibit higher LEEs than green and red micro-LEDs with
the double-stack DBR.

 

Figure 5. (a) Schematic illustration of the WRA-DBR structure. (b) Reflectance spectra of the WRA-
DBR as a function of incident angle.

Table 1. Optical parameters for each layer of AlGaInP-based red micro-LED and GaN-based blue
and green micro-LEDs used in the FDTD simulations.

Red
Micro-LED

Thickness
(μm)

n k
Green/Blue
Micro-LED

Thickness
(μm)

n k

Green (Blue) Green (Blue)

p-GaP 2 3.322 0 p-GaN 0.5 2.38 (2.43) 5 × 10−3

(6 × 10−3)

p-AlInP 0.42 3.014 4 × 10−3 n-GaN 2.5 2.38 (2.43) 5 × 10−3

(6 × 10−3)

n-AlGaInP 1.3 3.223 9 × 10−3 ITO 0.28 1.89 (1.95) 4 × 10−3

(6 × 10−3)
n-GaAs 0.08 3.856 0.196 - - - -

ITO 0.28 1.79 0 - - - -
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Figure 6. Simulation model of (a) blue/green micro-LED with double-stack DBR, (b) blue/green
micro-LED with WRA-DBR, (c) red micro-LED with double-stack DBR, (d) red micro-LED with
WRA-DBR.

Figure 7. Simulated electric field distributions for a cross section of micro-LEDs: (a) blue, (b) green,
(c) red micro-LEDs with double-stack DBR; (d) blue, (e) green, (f) red micro-LEDs with WRA-DBR.
LEEs of each face (top and sidewalls) of (g) blue, (h) green, (i) red micro-LEDs with double-stack
DBR and WRA-DBR.
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4. Conclusions

In summary, we have designed a WRA-DBR consisting of six sub-DBRs with high
reflectivity and less angular dependence within the visible light wavelength region. The
average reflectivity of the WRA-DBR at a normal incident angle of light can reach up to
99.73% in the wavelength range of 400 nm to 700 nm. Moreover, the average reflectivity of
the WRA-DBR is up to 97.93% when the incident angle of light is 60◦, revealing that the
WRA-DBR has less angular dependence. Furthermore, we investigate the influence of the
double-stack DBR and WRA-DBR on the performance of RGB flip-chip micro-LEDs using
the FDTD method. Compared to RGB flip-chip micro-LEDs with the double-stack DBR,
stronger electric field intensity is found in the air outside the substrates of RGB flip-chip
micro-LEDs with the WRA-DBR, indicating that the WRA-DBR can significantly improve
the performance of RGB flip-chip micro-LEDs. Our work demonstrates the promising
potential of the WRA-DBR for realization of high-efficiency RGB flip-chip micro-LEDs.
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Abstract: Cancer is one of the leading causes of death worldwide. In the last few decades, cancer
treatment has come a long way, but multidrug resistance (MDR) in cancer still has low survival rates.
It means that much research is required for an accurate diagnosis and effective therapy. The new era
of cancer research could include theranostic approaches and targeted delivery of chemotherapeutic
agents utilizing the nanoparticulate system. Recently, there has been much interest gained among
researchers for carbon-based and graphene-based quantum dots due to their higher biocompatibility
and ease of biofunctionalization compared to conventional heavy metal quantum dots. Moreover,
these quantum dots have various interesting utilities, including bioimaging, biosensing, quantum
dots-mediated drug delivery, and their role in photodynamic therapy (PDT) and photothermal
therapy (PTT). The current review highlighted the utility of hybrid quantum dots as a theranostic
system in different cancers and discussed the various bio-molecules conjugated hybrid quantum
dots investigated for diagnostic/therapeutic applications in cancer. The influence of conjugation of
different biomolecules, such as folic acid, PEG, etc., with hybrid quantum dots on their biopharma-
ceutical attributes (such as aqueous solubility, tumor penetrability, stability of loaded therapeutics
in the tumor microenvironment), delivery of drugs specifically to tumor tissues, and its therapeutic
outcome in different cancer has also been discussed.

Keywords: hybrid quantum dots; cancer; bioimaging; theranostic; photodynamic therapy; photother-
mal therapy

1. Introduction

Cancer is the leading cause of death worldwide, accounting for nearly 10 million
deaths in 2020 [1]. The correct diagnosis is crucial for accurate and effective treatment
because all tumors need specific treatments such as surgery, radiotherapy, and chemother-
apy. Novel therapeutic interventions and early diagnosis of cancer are major concerns
for scientists, physicians, and healthcare professionals. In the last few decades, nanotech-
nology has been at the forefront of most cutting-edge research in many fields, such as
medicine, diagnostics, bioimaging, and other biomedical applications [2]. Among the deliv-
ery approach of medicines in different cancers, various nanoparticles (NPs) are the most
exploited carrier system for drug delivery in different cancer [3,4]. These carrier systems
have different structures and dimensions, which may vary in size range from 1 to 100 nm,
particularly for drug delivery in cancer. This gives them different physical and chemical
properties that can be exploited for various purposes in cancer. The specific physicochemi-
cal properties of nanomaterials are exploited for focused ultrasonic heating therapy [5–7],
radiofrequency (RF) ablation [8–10], magnetic fluid hyperthermia [11–13], and magnetic
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particle imaging [14,15] in cancer. NPs are widely exploited for bioimaging [16], drug de-
livery systems [17], therapeutic agents for photodynamic therapy (PDT) [18], photothermal
therapy (PTT) [19], regenerative medicine [20], and smart biomaterials [21]. Furthermore,
metallic NPs, especially gold [22], silver [23], platinum [24], and palladium [25], are the
most investigated biocompatible NPs, for the diagnosis and treatment of cancer. Along
with imaging agents to treat a wide range of diseases, including different carcinomas,
the delivery of synthetic drugs, therapeutic peptides, and genes has raised interest in the
theranostic approach, which can be simultaneously utilized for both diagnosis and treat-
ment through a single system. Different nanomaterials have high penetrating efficiency to
biological membranes, good biocompatibility, and can perform multiple functions due to
their small size and ability to functionalization. This makes the utilization of nanomaterials
a good candidate for theranostic application in different cancers [26].

Quantum dots (QDs) are a very small nanoparticulate system of organic (such as
carbon-QDs, graphene-QDs) and inorganic nature (such as zinc sulfide–QDs, cadmium
telluride-QDs, cadmium selenide-QDs) and vary in size ranges from 2 to 10 nm [27]. The
small nano dimension is helpful to impart specific optical (high brightness, high quantum
yield, high extinction coefficient, intermittent fluorescence signals, high stability against
photobleaching) [28] and electronic properties that are exploited in different biomedical
applications [27–29]. Its nanocrystal is distinguished by an energy band gap, required
to excite an electron from one electronic band, i.e., a lower energy level, into another
band, i.e., a higher energy level. Because they are so small, these nanocarrier systems of
semiconductor origin can easily move electrons to a higher energy state, even when they
are exposed to UV light. These properties of QDs are used in the diagnosis and treatment
of various diseases, including cancer. This excitation scheme ultimately creates an electron-
hole pair known as an exciton. The exciton gives off energy in the form of a fluorescent
photon when it goes back to its ground state [30]. The 2–10 nm sized semiconducting
nanocrystal started to act like the bulk Bohr exciton radius, and the particle’s electrical and
optical properties changed [31]. The inverse relationship between nanocrystal size and
energy band gap is well-documented and understood. The inverse property says that as
the size of the nanocrystal decreases, the energy band gap increases, and the corresponding
excitation/emission wavelengths decrease. The size of the particle can be changed to
change the color of the light that the QDs give off when they are exposed to UV light.
By adjusting the particle size and size distribution of the QDs, a wide absorbance range
with highly symmetric and narrow emission spectra can be achieved [32]. The different
types of QDs are prepared by the bottom-up approach, which involves the assembling of
their precursor in the molecular state into nanocrystals [33]. The promising techniques
for the preparation of QDs are categorized into four basic approaches, which include
biotemplate-based synthesis, colloidal synthesis, biogenic synthesis, and electrochemical
assembly [27,33]. These methods for the preparation of QDs are illustrated in Figure 1.
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Figure 1. Schematic illustration of commonly used preparation approaches for QDs: (A) Colloidal
synthesis approach. (B) Biotemplate-based synthesis approach. (C) Electrochemical assembly ap-
proach. (D) Biogenic synthesis approach. Reproduced from Abdellatif et al. [27], Dove Medical
Press, 2022.

Carbon nanomaterials (specifically carbon nanotubes, carbon dots, graphene, and
graphene derivatives) and other nanomaterials of organic and inorganic origin are popular
for their extraordinary composition and excellent inherent properties for diverse applica-
tions such as fluorescent, fingerprinting, photocatalysis, electromagnetic shielding, and
electric applications [3,34]. These nanomaterials have also made a pragmatic intervention
in the field of biomedical engineering, contributing to research in tissue engineering, drug
delivery, biosensing, bioimaging, and cancer theranostic [35]. It is functionalized with QDs
as a hybrid nanoparticulate system called hybrid QDs, which have very small dimensions
and theranostic utility in cancer. These hybrid systems are utilized to deliver drugs of
synthetic/natural/biological origin and act as an imaging agent simultaneously, which
are likely to increase their accumulation, specifically in the cancerous or tumor tissue.
Thus, these versatile nanoparticulate systems as hybrid QDs have very wide utility in
cancer detection/imaging and site-specific delivery of different types of therapeutics to the
cancerous tissues (Illustrated in Figure 2).
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Figure 2. Illustration highlighting the utility of hybrid QDs as cancer theranostics for various applications.

The low drug efficacy in cancer may increase by improving the EPR (enhanced perme-
ability and retention) effect and overcoming the tumor heterogeneity challenges through
designing targeted hybrid QDs of a stealth nature [36]. RBC-camouflaged, light-responsive,
carbon-based porous particles may be helpful in targeting and penetrating tumor tissues.
Protein- and RBC membrane-targeted nanosponges improve targeting and circulation
half-life. Porous carbon/silica and graphene QDs as hybrid systems are photoresponsive
and tumor-penetrating drug carrier systems for theranostic application [37]. Cyclodex-
trins (CDs) are natural, water-soluble cyclic oligosaccharides with hydrophilic exteriors
and hydrophobic interiors that are known for their utility in drug delivery applications.
Their primary and secondary hydroxyl groups on the outside are easy to modify, and
their lipophilic inner cavities can be filled with lipophilic moiety by the formation of an
inclusion complex. These types of carriers are utilized to improve the aqueous solubility
of water-insoluble therapeutics/imaging agents and serve as a promising carrier or drug
delivery system in cancer management through hybridization with QDs for theranostic
application due to the presence of numerous hydroxyl groups on their surface [38].

The present manuscript provides a detailed discussion and recent advancements
in QDs for their utilization to improve the efficacy of loaded therapeutics and imaging
applications in the effective management of cancer. It provided a discussion on hybrid
quantum dots as a cancer theranostics and emphasized the recent research development
(mainly in the last 5 years) in the area of cancer theranostics utilizing hybrid quantum dots.
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2. Significance of Hybrid Quantum Dot as Cancer Theranostics

The significance of the theranostic approach in cancer treatment may utilize the simul-
taneous delivery of chemotherapeutics and photolytic agents for deep tumor penetration,
which effectively damages and inhibits the tumor when treated with single irradiation.
It may be utilized for tracking of progress of cancer therapy using incorporated imaging
agents [39]. Hybrid QDs have been widely explored for their theranostic application in
different types of cancers. However, toxicity issues of QDs due to their composition (heavy
or inorganic materials) and nature (ROS generation and strong surface responses) raised
concern for their modification/functionalization for biomedical applications. Hence, strate-
gies have been conceptualized to minimize their toxicity and improve their biocompatibility
through hybridization/functionalization with other moieties (such as polymers, lipids,
polysaccharides, proteins, etc.), providing efficient accumulation in tumor tissues in addi-
tion to preventing their accumulation in healthy tissues [40,41]. Biological molecules are
attached to QDs using hydrophilic surfactant shells with reactive groups such as COOH,
NH2, or SH. Attachments are made using different methods, such as adsorption, covalent
bonding, electrostatic interaction, etc. [39–41]. It has been reported to be conjugated with a
wide range of biological molecules, including biotin [42], folic acid [43,44], antibodies [45],
and peptides [46]. Silanization, which coats QDs with silica, is a good covalent coating
method for hydroxyl-rich material surfaces. Silanization makes ligand molecules strongly
cross-linked and chemically stable. The end terminal groups of the silane shell can expose
thiol, phosphonate, or methyl terminal ends for subsequent QD coating and also make
the material more biocompatible. Silanization is favored because it is less toxic than other
ligands [47]. Silica shell thickness could control QD light responsiveness. The silica-coated
QDs were modified with amino, carboxyl, and epoxy groups and stabilized with PEG
segments to assess their applicability. These modified QDs efficiently conjugated with
antibodies and were used as fluorescent labels in immunoassay detection [48]. An in vivo
study has shown that emissive Si-QDs biodegrade quickly and produce non-toxic silicic
acid that may be eliminated by urine [49].

The perspectives of hybrid QDs for their utility in cancer diagnosis/imaging and
delivery of payload specifically to tumor tissues are discussed in the subsequent section.

2.1. Perspectives of QDs for Diagnostic/Imaging Utility

QDs in drug delivery may be utilized as therapeutic/imaging cargo that has photother-
mal and photodynamic features, making them excellent for bioimaging. Many clinically
used photosensitizers (PSs) are not tumor-targeted; hence, they are treated with spatially
controlled irradiation. After phototherapies, PS can increase reactive oxygen species (ROS)
formation in healthy cells; hence, light exposure should be avoided to reduce skin pho-
tosensitivity. The hybrid QDs possess low toxicity and good biocompatibility, coupled
with stable photoluminescence (PL), and therefore these are ideal candidates for both
in vitro and in vivo bioimaging [40,41]. QDs by themselves are not as efficient as molecular
PSs, but QDs can be used as antennae to improve light harvesting and energy transfer to
molecular PSs because they absorb much light. NPs are commonly utilized for bioimaging,
but their toxicity limits their utility. Because fluorescence imaging is very sensitive and
has a good temporal and spatial resolution, hybrid QDs are a good choice for sensing and
imaging cell targets. Hybrid QDs are chemically inert, dissolve well in water, are photo-
stable, have a relationship between their optoelectronic properties and their shape and
size, have fluorescence resonance energy transfer, high stability in physiological conditions,
specific accumulation at target sites, are easy to modify on the surface [50], and have a
high absorption coefficient because of hybridized C–C bonds. Therefore, these are good
phototherapy chromophores.

Carbon QDs (C-QDs) synthesized and dispersed with excellent fluorescence, photosta-
bility, photobleaching resistance, and simple coupling with biological species [51]. C-QDs
can carry Ce6 and generate ROS. Using a 639 nm laser, water splitting produced oxygen
and hydrogen in vivo. Increased oxygen yielded 1O2 to improve PDT. C-QDs with specific
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cell targets can particularly detect malignant cells in different investigations. C-QDs conju-
gated with folic acid (FA) (C-dots-FA) to distinguish folate receptor (FR)-positive cancer
cells from normal cells (FR-negative) by growing and analyzing NIH-3T3 and HeLa cells.
Pheophytin (a natural, low-toxicity Mg-free chlorophyll derivative) was employed as a
raw carbon source to synthesize C-QDs using a microwave technique [52]. QDs containing
sulfur and nitrogen are used as PTT (photothermal therapy causes ease of cell death by
protein denaturation and loosening of the cellular membrane by heating the tumor tissue
exploiting irradiation of radiofrequency, ultrasound, microwaves, and magnetic fields, etc.)
and PDT (photodynamic therapy utilizes a photosensitizer that absorbs light of a particular
wavelength and produces oxygen-based molecular species to induce a cytotoxic effect)
for cancers in animals [53,54]. PL and photoacoustic imaging [55–58] benefited from high
photon conversion efficiencies. Passive targeting of QDs around cancer cells destroyed the
tumor. Co-doped C-QDs had a strong photothermal conversion, optical and photoacoustic
performance, and renal excretion [53,59]. N–O-CQDs with significant NIR absorption.
Combining the biocompatible N-doped carbon dots (N-CDs) with folic acid, which possess
a wide range of high-targeting capabilities (26 types of tumor cell lines) and alters the
cellular metabolism leading to autophagy, results in a new targeted tumor therapy based
on autophagy regulation [60]. Similarly, maleimide-terminated TTA1 aptamers complexed
with CDs (TTA1–CDs), which is substantially expressed in HeLa and C6 (rat glioma cell
line) but not in normal healthy CHO cells, exhibit a strong fluorescence along cancer cell
membranes and minimal uptake in healthy cells [61].

Graphene quantum dots (GQDs) are one type of nanocarrier that has been seen in
physics and chemical research due to their ultrasmall size, varied photoluminescence, and
mechanical features [62]. Ultra-tiny GQDs exploiting imaging agents and labeling cell
membranes are promising agents for drug transportation in cancer therapy because of
their outstanding optical properties and transmembrane capabilities. The innate immune
system and tumor heterogeneity continue to pose challenges to efficient tumor targeting
and penetration; however, NIR irradiation, the energy created by photothermal conversion,
can not only release therapeutic cargo but also burst the vesicle to suppress the tumor [63].
When NPs first enter the circulatory system, the innate immune system quickly recognizes
them as foreign bodies and gets rid of them through the reticuloendothelial system and
the mononuclear phagocyte system. This results in poor delivery efficiency. Because the
tumor is a strong physiological barrier, only a small part of the dose injected gets to the
deep tumor through the increased EPR effect, which helps particle accumulation. The high
interstitial fluid pressure (IFP) and cancer-associated fibroblasts in tumors make it hard
for therapeutic drugs to reach the perivascular cells of tumors [64,65]. Thus, in order to
improve tumor therapy, it is crucial to create stealthy and permeable drug delivery systems
for the efficient transportation of therapeutic agents.

For imaging or diagnostic applications, theranostic nanoplatforms must be robust
enough to support them, have a superior cargo-loading and -releasing profile, and be able
to do so. Hybridization between distinct NPs is a promising strategy because it can result
in the accumulation of a wide range of chemical, physical, and biological properties inside
a single complex. Because of their exceptional physical and chemical properties [32,66],
GQDs have been put to use in a variety of biomedical settings. If GQD fluorescence could
be made stable, it would greatly improve the efficiency of imaging in the life sciences.
Due to their unique chemical, physical, and biological properties, graphene quantum dots
(GQDs) and magnetic nanoparticles (MNPs) are two promising choices for use in these
hybrids. Both magnetic resonance imaging (MRI) and computed tomography (CT) use
contrast agents made of magnetic nanoparticles [67]. In addition to its use in biosensing
and magnetic separation, this nanoparticle may also be put to use in hyperthermia therapy,
thermo-ablation, targeted drug administration, and even bio-sensing. For example, mag-
netic nanoparticles could be added to GQDs to make even more complexes that could be
used in medicine. The most commonly used magnetic nanoparticles are iron oxide NPs
(usually Fe2O3 or Fe3O4), which can be classified as a pure metal, metal oxide, or magnetic
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nanocomposites [68]. Combining GQDs with other NPs, such as magnetic nanoparticles,
could make them even better for use in biology.

Carbon quantum dots (CQDs), a novel kind of fluorescent carbon nanomaterial pos-
sessing the unique advantages of high stability, remarkable biocompatibility, easy synthesis
and surface functionalization, and comparable optical characteristics, have been extensively
studied, especially for bioimaging applications due to their tunable strong fluorescence
emission property [69]. In light of the drawbacks of conventional chemotherapy, PTT has
emerged as a viable option for treating cancer. Tumors can be heated from the inside out
by injecting photothermal substances into the affected area or by targeting the tumor with
other agents. These photothermal agents are designed to stimulate near-infrared (NIR)
radiation and generate heat upon relaxation, killing cancer cells. Researchers have been
investigating several facets of theranostic nanosystems [66] since it has been postulated
that these systems, which meet both diagnostic and therapeutic needs, could be utilized to
effectively eradicate cancer cells. It has been found that a wide range of organic, inorganic,
organo-inorganic, and combinations can act as photothermal agents. Carbon nanomate-
rials, including carbon nanotubes, graphene, and graphene derivatives, have garnered
significant attention due to their potential applications in fields as diverse as fingerprinting,
photocatalysis, electromagnetic shielding, and electrics [70,71]. Due to their luminescence,
versatile surface chemistry, easy cellular internalization, and high biocompatibility, CQDs
are particularly promising in drug delivery. Additionally, the nano-formulation system
also offers the possibility to increase drug solubility, bioavailability, and half-life. Although
doxorubicin (DOX) is widely used for cancer treatment, it has many disadvantages, includ-
ing a low EPR effect, low cellular internalization, and cytotoxicity to normal cells [72]. One
approach to bypassing these problems is to use a multifunctional nanocarrier system for
tumor-targeted drug delivery, which has the advantage of accumulating at the tumor site
due to the increased EPR effect.

2.2. Perspectives of QDs for Therapeutic Utility

Different QD-based therapeutic systems for anticancer application have been widely
explored in recent years [73,74]. Various studies have been conducted to investigate
the potential of QDs for targeted drug delivery, PDT, PTT, and gene delivery in cancer
treatment [75,76]. The QDs for cancer therapy have been investigated both at in vitro and
in vivo levels. PDT is one of the most promising non-invasive cancer treatment approaches
with limited side effects. It can be used alone or in combination with surgery, chemotherapy,
or ionizing radiation to destroy undetected cancerous cells at the margins of resection. PDT
uses photosensitizing drugs that are pharmacologically inactive until a particular light
wavelength irradiates them in the presence of oxygen, which generates reactive oxygen
species and induces cell death and tissue necrosis [77,78]. Graphene oxide (GO), an oxidized
version of graphite, has received considerable attention during the past decade. GO, on the
other hand, can be dispersed in water, which makes it a good candidate to investigate in a
biological system. On the other hand, graphenes need to be surface functionalized to make
them dispersible in water and safer for the biological environment [79,80]. Their synthesis
and surface tailoring entail hazardous and toxic reagents, traces of which may remain
with the material to demonstrate further toxicity in vitro/in vivo systems due to GO sheets
having intrinsic toxicity. By delivering medications and energy in two different locations at
the same time, a hybrid system of nano dimension may be able to lessen the adverse effects
of cancer treatment and improve the distinctive properties required for precision medicine.
The hybrid carrier systems are frequently eliminated from blood circulation very quickly,
and piled-up tumors at the periphery close to the blood arteries. It has a short elimination
half-life in blood and high tumor penetration. The membrane of a red blood cell (RBC)
was given the appearance of a sponge by being composed of carbon composite. When it is
exposed to light, it functions as both a “stealth agent” and a “photolytic carrier”. It means
that it transfers “tumor-penetrating agents” (such as graphene QDs and docetaxel) as well
as heat. When compared to the nanosponge, the RBC-membrane-enveloped nanosponge
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demonstrates an eight-fold increase in accumulation in tumor tissue. This is because the
RBC-membrane-enveloped nanosponge will be integrated with a specific protein that
accumulates in tumor spheroids through high lateral bilayer fluidity [81]. The delivery
of graphene QDs to tumor areas is accomplished by passing near-infrared light through
a structure that is only one atom thick. This makes it much simpler for its therapeutic
utilization to penetrate the cancerous tissue and improves the prognosis of cancer therapy
utilizing the theranostic approach.

The pathway of accumulation and removal of QDs and hybrid QDs in in vivo systems
are depicted in Figure 3.

Figure 3. Schematic illustration highlights the accumulation and removal of QDs versus hybrid QDs.
QDs are more prone to RES clearance and renal clearance compared to hybrid QDs of a stealth nature.
The more targeted delivery of hybrid QDs compared to QDs resulted in major accumulation in tumor
tissues due to receptor-mediated endocytosis and the EPR effect, leading to improved therapeutic
outcomes. “Image created with BioRender.com”.

Different types of hybrid QD-based theranostic systems were explored for cancer
applications to improve the biopharmaceutical attributes of this nanoparticulate system
(such as aqueous solubility, tumor penetrability, and stability of loaded therapeutics in
the tumor microenvironment) and delivery of drug specifically to tumor tissues. Recent
contemporary research conducted in this field is discussed in the subsequent section.

3. Hybrid Quantum Dot as Cancer Theranostics: Contemporary Research

3.1. Diagnostic Application

Pei et al. developed fluorescent hyper-cross-linked-cyclodextrin–carbon quantum dot
(CD-CQD) hybrid nanosponges with outstanding biocompatibility and intense bright blue
fluorescence excited at 365 nm with a PLQY of 38.0% [82]. These hybrid QDs systems
were generated by simple condensation polymerization of carbon quantum dots (CQDs)
with cyclodextrin (CD) at a 1:5 feeding ratio for theranostic applications, specifically in
malignancies. In another investigation, Fateh et al. made a hybrid nanostructure of
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graphene quantum dots (GQDs) and magnetic nanoparticles (MNP) by using hydrophobic
interactions between long carbon chains on the surface of GQDs around the edges and
MNP in the middle [83]. Pyrolysis was used to create GQDs, which were then changed
using cetyl alcohol (CA) to produce surfactant-modified GQDs (CA-GQDs). Moreover, an
oleate-iron complex has been utilized to make iron-oxide nanoparticles (IONP) as MNP.
After that, CA-GQDs and IONP are mixed to make a structure with IONP in the middle and
CA-GQDs all around it (IONP@CA-GQD). IONP@CA-GQD possesses both fluorescence
and magnetic characteristics. At room temperature, IONP and IONP@CA-GQD have been
tested for magnetization hysteresis loops in a moving magnetic field. There have been no
observations of coercivity or remanence, indicating super-paramagnetism. The computed
MS values for IONP and IONP@CA-GQD are 34.1 emu/g and 37.8 emu/g, respectively.
Because of GQDs are fluorescent in nature, this hybrid structure could also be used for
bioimaging [84,85].

A stable compound of graphene oxide (GO) and graphene quantum dots (GQD)
was created by Kumavat et al. by electrostatic layer-by-layer assembly using a polyethy-
lene imine bridge (GO-PEI-GQDs) [86]. In addition, various applications of the mono-
equivalents of the GO-PEI-GQDs complex were compared, including cell imaging (di-
agnostics), photothermal, and oxidative stress responses in MDA-MB-231 breast cancer
cells. When exposed to an 808 nm laser for 5 min at a concentration of up to 50 μg/mL,
GO-PEI-GQDs displayed an outstanding photothermal response (44–49 ◦C). According to
the study, GO-PEI-GQDs had synergistic effects on cancer cells. It has stable fluorescence
imaging, improved photothermal effects, and cytotoxic actions. Composite materials made
of GO and GQDs combine many different properties, which makes it possible to improve
certain therapeutic systems, such as cancer theranostics [86].

Hyaluronic acid and QDs together have been proven to be useful tools for improving
intracellular transport into liver cells. This is accomplished by interacting with CD44-
receptors, which allows for in vivo real-time imaging [87,88]. The anionic polysaccharide
chondroitin sulfate was employed to coat the positively charged oily core of the cadmium
telluride (CdTe) QDs as cancer theranostic nanocapsules [89], which were also loaded with
rapamycin and celecoxib as anticancer therapeutics [90]. Chondroitin sulfate nanocapsules
have an exterior coating of cationic gelatin-coupled QDs placed on them to prevent non-
specific uptake by healthy cells. Matrix metalloproteinase (MMPs) dissolved the gelatin
at the tumor location, releasing therapeutic nanocapsules and QDs into cancer cells for
therapeutic and imaging action as a cancer therapeutics. An ON–OFF effect, where the
fluorescence of QDs was first quenched by energy transfer and then restored after bond
cleavage in tumor cells, was seen in a study that substituted lactoferrin for gelatin [90].
Thus, using QDs fluorescence, the in vitro and in vivo localization of nanocapsules into
breast tumors was observed.

Recent research related to hybrid QDs utilized for their diagnostic/imaging applica-
bility in different types of cancers is summarized in Table 1.

Table 1. Summary of contemporary research carried out utilizing hybrid quantum dots for diagnos-
tic/imaging applications in cancer.

Type of QDs Type of Cancer
Diagnostic/Imaging

Technique
Outcome Refs.

Lactoferrin QDs Breast cancer Fluorescence imaging

Intracellular uptake of QDs showed fluorescence
fluorescent due to mercaptopropionic

acid-capped cadmium telluride and was
successfully used as theranostic

[89]
(P:2018)

Gelatin/chondroitin QDs Breast cancer Fluorescence imaging
Matrix metalloproteinase layer enabled tracing
their internalization into cancer cells and strong
non-immunogenic response used as diagnostic

[90]
(P:2018)

Magnetic graphene-QDs Cancer cells Electrochemical
detection imaging Images show high fluorescence in HeLa cells [91]

(P:2018)

167



Electronics 2023, 12, 972

Table 1. Cont.

Type of QDs Type of Cancer
Diagnostic/Imaging

Technique
Outcome Refs.

Graphene-QDs Cancer cells MRI and fluorescence
imaging

MRI and fluorescence imaging of living Hela
cells and monitored intracellular drug release

[92]
(P:2017)

Carbon-QDs Tumor cells Photoluminescence and
photoacoustic imaging

Accumulation of C-QDs around the cancer cells
via passive targeting with no active targeting

species with fluorescence imaging

[93]
(P:2018)

Carbon-QDs Cervical cancer Fluorescence imaging
TAT functionalization enhanced cell labeling
and uptake, and that folate selectively tagged

tumor cells

[94]
(P:2013)

Carbon-QDs doped with
Fluorine and Nitrogen Squamous cell carcinoma Near-infrared fluorescence

(NIRF) and PET imaging

Carbon-QDs rapidly uptake by the tumor when
administered subcutaneously as compared to

intramuscular and intravenous

[95]
(P:2013)

Carbon QDs doped with
polyethyleneimine Hepatocellular carcinoma Bioimaging

Internalized QDs exhibit fluorescent emission
authenticating their potential application for

gene delivery and bioimaging

[96]
(P:2012)

Magneton-fluorescence
carbon-QDs conjugated

with cDNA
aptamer

Cervical cancer Fluorescence and magnetic
resonance (MR) imaging

DNA aptamer, which specifically recognizes the
receptor tyrosine-protein kinase-like 7 (also

known as colon carcinoma kinase 4, CCK4) for
targeted dual mode fluorescence/magnetic

resonance (MR) imaging

[97]
(P:2018)

QDs-conjugated streptavidin
probe Breast cancer Diagnosis

QDs-based immunohistochemistry
demonstrates the prognostic value of EGFR area
in the HER2-positive and lymph node-positive

subtype of invasive breast cancer

[98]
(P:2011)

Carboxyl-modified CdTe-QDs HeLa and MCF-7 cells Bioimaging
Sensing probes for cancer- biosensors was the
detection of miRNA-21 on lysates of HeLa and

MCF-7 cells and other biomarkers.

[99]
(P:2022)

CdTe-QDs functionalized
with single-stranded DNA Non-specific cells Fluorescence Diagnosis

QDs detect miRNA-122 within 40 min with
enhanced intensity in proportion with

miRNA-122 concentrations range 0.16–4.80 nM
and has a low detection limit of 9.4 pM

[100]
(P:2017)

Au-SiO2-QDs Breast cancer Imaging
Photothermal effect provides real-time imaging

capability, which makes it appealing as a
potential theranostic tool for cancer treatment.

[101]
(P:2018)

Graphene-QDs
doped nitrogen Skin cancer Imaging and diagnosis

Fluorescence intensity of N-GQDs was
quenched by the static quenching of

UV-damaged DNA through the formation of an
N-GQD/UV-damaged DNA complex

[102]
(P:2022)

Iron selenide-QDs Skin Cancer Bioimaging
Synthesized QDs exhibit two bands of photon
excitation property and high quantum yield

which are suitable for second-window imaging

[103]
(P:2019)

3.2. Therapeutic Application

Pei et al. formulated doxorubicin (DOX) loaded-fluorescent hyper-cross-linked-
cyclodextrin–carbon quantum dot (CD-CQD) hybrid nanosponges (DOX-β-CD-CQD) with
a size of around 300 nm with a DOX loading capacity of 39.5% through host−guest com-
plexation [82]. This is because of the supramolecular complexation of DOX with the CD
units in the CD-CQD nanosponges. The developed DOX-CD-CQD nanosponges demon-
strated pH-responsive controlled release in the simulated tumor microenvironment. The
loaded DOX molecules in the surface layer of the DOX-CD-CQD were released in the
first 30 h, similar to the pH 7.4 medium. Due to the higher solubility of DOX in acidic
media attributed to its protonation, the supramolecular complexation of DOX with β-CD
units had a lower inclusion constant and a greater release ratio than in pH 7.4 conditions.
Due to the high formation constant, they took longer to get out of the loaded DOX inner
layer. Protonated DOX diffusion was prevented by hydrophobic DOX-complexed CD.
After 12 h of DOX release, with an accumulative release of approximately 50%, hydrophilic
outer shells formed, facilitating protonated DOX diffusion out of the theranostic system.
After 24 h of incubation, the DOX concentration gradient climbed to 1.7 μg/mL with the
DOX-β-CD-CQD theranostic system concentration of 20 μg/mL. Cell viability (29%) was
comparable to free DOX at 10 μg/mL. In terms of antitumor efficacy, the DOX-CD-CQD
outperformed free DOX. The DOX-β-CD-CQD had an IC50 of 5.00 μg/mL (equivalent to
0.425 μg/mL), compared to 2.26 μg/mL for free DOX. DOX-CD-CQD was internalized
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by HepG2 cells and accumulated in their nuclei, exhibiting better anticancer activity than
the free drug [82]. In another investigation, Fateh et al. developed a hybrid nanostructure
of cetyl alcohol-modified graphene quantum dots (CA-GQDs) and conjugated them with
iron-oxide nanoparticles (IONP@CA-GQD) [44]. The study indicated no effect on the nor-
mal architecture of the liver and cardiac tissues after administration of these hybrid QDs at
a dose of 3 mg/kg for 7 days in mice. Hence, IONP@CA-GQD can be offered as a potential
drug delivery system for cancer theranostics. Moreover, IONP@CA-GQD was found to be
more toxic for the tumor cells as compared to normal cells in the study [39,83]. It is due to
the hydrophobic nature of the carbon chains of cetyl alcohol and oleic acid in the middle of
IONP@CA-GQD, hydrophobic drugs can be loaded in this space [83,104]. Furthermore,
the magnetic properties of IONP@CA-GQD would make cancer targeting feasible through
this theranostic system. Similarly, Kim et al. examined QD-labeled hyaluronic acid (HA)
derivatives for liver-targeted intracellular drug delivery. EDC activation of HA’s carboxyl
group and conjugation to ADH’s amine group produced HA-ADH conjugates. After EDC
and sufo-NHS activation of QD carboxyl groups, HA-ADH conjugates were tagged with
QDs via amide bond formation. HA binds CD44 via its three carboxyl groups [88]. HA-QD
conjugates were endocytosed via HA receptor-mediated endocytosis, as seen in the confocal
microscopic images of B16F1 cells. HA receptors such as CD44 are significantly expressed
in B16F1 cells. In the case of HEK293 cells without HA receptors, the cellular uptake of HA
conjugates and QDs conjugates was noticeably reduced (as shown in Figure 4).

Figure 4. Illustration shows the cellular uptake of hyaluronic acid (HA) conjugated hybrid QDs after
2 h incubation in B16F1 cells—a high expression of HA receptors (A); HEK293 cells—without HA
receptors (B). Confocal microscopic images reveal low cellular uptake of developed hybrid QDs
system in HEK293 cells. Reproduced from Kim et al. [88], Elsevier, 2012.
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In order to deliver targeted anticancer drugs, Chen et al. created a core-shell structured
multifunctional nanocarrier system (ZnO-Au-PLA-GPPS-FA) consisting of ZnO-quantum
dots-conjugated AuNPs as the core and folic acid (FA)-conjugated amphiphilic hyper-
branched block copolymers as the shell. ZnO-quantum dots-conjugated AuNPs could be
employed for photothermal therapy to kill tumor cells and fluorescent labeling, respectively.
The outer hydrophilic block (GPPS-FA) and the inner hydrophobic block (PLA) were both
biocompatible and biodegradable in in vivo system. The cancer cells may be targeted by
an FA-conjugated multifunctional nanocarrier system, which may then be absorbed by
the target cell through receptor-mediated endocytosis. Additionally, the presence of GPPS
on the surface of multifunctional nanocarrier systems resulted in some of their anticancer
effects [105]. In another investigation, Sung et al. made a targeted RBC-membrane-encased
nanosponge (RBC-NS) that combines stealth and huge payloads of functional molecules
to avoid the low EPR effect and the different types of tumors. This biocompatible, light-
sensitive, carbon-based, porous particle looks like red blood cells (RBCs) and targets and
gets into tumors well [39]. The targeted nanosponge, made of protein/RBC membranes
(targeting and stealth properties), porous carbon/silica (hydrophobic, therapeutic agent
transport), and graphene QDs (GQDs)/drug (photoresponsive, tumor-penetrating), were
injected into a mouse model to deliver docetaxel (DTX) and GQDs to tumors (Figure 5).
Moreover, Cetuximab (Ct), which can target tumors, is attached to the RBC layer to make
it easier for particles to gather around tumors. The nanosponge delivers high amounts
of GQD/DTX to the tumor as a photo-penetrative and photolytic agent. The Ct-RBC-
GQD/NS-treated tumor can be heated to 68 ◦C for thermal tumor ablation. Ct-RBC-NS and
Ct-NS elevated tumor temperatures to 62 and 53 ◦C, respectively. Irradiated saline-treated
mice showed no temperature increase. Ct-RBC-GQD/stronger NS’s improved photother-
mal conversion may be explained by the accumulation and photothermal combination
effects. The localized heat of the NS releases GQD/DTX during NIR exposure, damaging
the tumor and improving therapeutic drug penetration (as shown in Figure 5).

Contemporary research related to hybrid QDs utilized to improve the therapeutic
performance of loaded drugs for anticancer activity in different types of cancers are sum-
marized in Table 2.
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(A) 

 
(B) 

Figure 5. Schematic illustration highlights the penetration and accumulation of hybrid QDs (graphene
quantum dots—GQDs) for RBC-membrane enveloped nanosponge-mediated targeted delivery in
a tumor: (A) After the application of near-infrared (NIR) irradiation, generated heat leads to the
penetration and accumulation of developed theranostic systems (GQDs with DTX) to deep tumors
and the release of drug (DTX) into tumor cells ultimately causes cancer cell death. (B) Cellular uptake
of RBC-membrane enveloped nanosponge with cetuximab (Ct-RBC@NS) and without cetuximab
conjugation (RBC@NS) upon incubation for 2 h in A549 cancer cells and control RAW 264.7 cells.
(a) Developed system conjugated with cetuximab (Ct-RBC@NS) in A549 cancer cells. It is monitored
in the cytoplasm (green) and nuclei (blue). (b) Developed system without conjugation of cetuximab
(RBC@NS) in A549 cancer cells. It is monitored in the cytoplasm (green) and nuclei (blue). (c) Devel-
oped system conjugated with cetuximab (Ct-RBC@NS) in control RAW 264.7 cells. (d) Developed
system without conjugation of cetuximab (RBC@NS) in control RAW 264.7 cells. Reprinted with
permission from Sung et al. [39], Copyright 2018, American Chemical Society.
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Table 2. Summary of contemporary research carried out utilizing hybrid quantum dots for therapeu-
tic/drug delivery applications in cancer.

Type of QDs Type of Cancer In Vitro/In Vivo Model Outcome Refs.

Lactoferrin-QDs Breast cancer In vitro cancer cell line and in vivo
tumor model

Enhanced cytotoxicity of breast cancer cells and
in vivo antitumor efficacy

[89]
(P:2018)

Gelatin/chondroitin-QDs Breast cancer In vitro cell line and in vivo model
Targeted internalization into cancer cells and

enhanced cytotoxicity against breast cancer cells
were demonstrated

[90]
(P:2018)

Magnetic graphene-QDs Cancerous cells In vitro Hela cell line
G-QD susceptibility of cancerous HeLa cells to

DOX is 13% higher and a promising material for
cancer cell detection and targeted Dox

[91]
(P:2018)

Graphene-QDs Cancerous cells In vitro Hela cell line Cell viability study demonstrated the
high cytotoxicity

[92]
(P:2017)

Carbon-QDs doped with
nitrogen and oxygen Tumor cells In vivo antitumor model

Nitrogen and oxygen co-doped C-QDs
(N–O-CQDs) with strong absorbance in the NIR

region leading to photothermal-based
destruction of cancerous cells

[93]
(P:2018)

Carbon QDs doped with
polyethyleneimine

Hepatocellular
carcinoma

In vitro COS-7 cells and
HepG2 cells

Facilitate gene transfection in COS-7 and HepG2
cells with lower cytotoxicity

[96]
(P:2012)

Magneton-fluorescence
carbon-QDs conjugated

with cDNA aptamer
Cervical cancer In vitro cell line and In vivo

tumor model

Targeted synergistic killing of lung cancer cells
via PDT, PTT, and rapid release of DOX under

simultaneous NIR laser irradiation

[97]
(P:2018)

Au-SiO2-QDs Breast cancer MCF-7 human breast cancer cells

A targeted synergistic anticancer effect that
induced by DOX delivery and efficient heat

generation by exploiting the photothermal effect
of QDs-gold NPs.

[101]
(P:2018)

ZnO-QDs Cancerous cells Hela cells
Studies showed that cytotoxicity by both blank
and drug-loaded QDs provided high anticancer
activity against Hela cells with folate targeting

[105]
(P:2018)

Graphene-QDs on the
surface of hollow Cu2S NPs Breast cancer MDA-MB-231 cells line

Flow cytometry showed a significant level of
NIR-triggered Dox release inside

MDA-MB-231 cells

[106]
(P:2020)

Carbon-QDs with nuclear
localization signal peptide Lung cancer Human lung carcinoma cells

Nucleus-targeted drug delivery of therapeutics
functionalized with nuclear signal peptide to

improve its antitumor activity

[107]
(P:2016)

ZnO-QDs Liver cancer In vitro HepG2 cells
QDs significantly upregulated mRNA

expressions, whereas the anti-apoptotic gene
(Bcl-2) was down-regulated

[108]
(P:2015)

CdSe-QDs Hepatocellular
carcinoma In vitro HepG2 cancer cell

QDs successfully induced shrinkage and
rupture of the membrane, and expression of an
apoptotic gene (Bcl2) was positively comparing

the untreated HepG2 cell line.

[109]
(P:2021)

Fe3O4-Ag2O
QDs/Cellulose fibers

nanocomposites
Skin Cancer In vitro cell line study

Magnetic QDs showed that the targeted
cytotoxicity of the drug was increased when

loaded on nanocomposites, compared to pure
Fe3O4-Ag2O quantum dots/cellulose fibers

nanocomposites

[110]
(P:2017)

CdTe-QDs and CdSe-QDs Melanoma tumors In vivo antitumor model
Result indicated CdTe and CdSe QDs

irradiation-induced photothermal therapy
shared great potential in the treatment of cancer

[111]
(P:2012)

Graphene quantum dot
mesoporous silica

nanohybrids
Breast cancer 4T1 cancer cell line; 4T1 tumor in

Balb/c mice

Results indicate that developed hybrid QDs as
powerful cancer theranostic for deep tumor

localization and regression

[112]
(P:2021)

Peptide-based
graphene QDs Breast cancer HUVEC Cell line; 4T1

tumor-bearing Balb/c mice

Successfully demonstrated multifunctional
theranostic peptideticles for targeted drug

delivery and tracking in αv integrin
overexpressed tumor model

[113]
(P:2022)

Tryptophan–sorbitol-based
carbon QDs Liver cancer Huh7 cell line; Huh7 cells bearing

Balb/c mice

Promising cancer nanotheranostic system
utilized for diagnosis, targeting, and PDT

therapy in hepatocellular carcinoma

[114]
(P:2022)

Mn-doped ZnS QDs Breast cancer 4T1 cancer cell line; 4T1 tumor in
Balb/c mice

Theranostic system for image-guided therapy in
breast tumor utilizing NIR-II fluorescence and

magnetic resonance imaging

[115]
(P:2022)

4. Conclusions

The review concludes that hybrid QDs could be multi-modeled to treat different
cancers, and therapeutic progress could be monitored in real-time. These QDs combined
with different types of nanoparticulate systems (such as NPs of polymeric, lipid, and
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inorganic origin) to develop a theranostic system for cancer, particularly to improve the
therapy outcome in MDR cancer. Further, this review concluded that carbon-based and
graphene-based QDs had been extensively explored to conjugate them with different bio-
molecules to overcome the challenges associated with conventional QDs. Several preclinical
studies showed that hybrid QDs could be successfully used as a theranostic system in
cancer, bringing them closer to investigating its clinical utility. However, the literature
review reveals that the clinical performance of hybrid QDs as cancer theranostics has
not been addressed in detail as yet. Furthermore, the safety perspectives of the hybrid
QDs in cancer should also be addressed systematically in future investigations as they
may be accumulated in the healthy tissues due to failure of tumor-specific delivery that
may increase the risks of untoward events. Although numerous in vivo studies have
examined the distribution, accumulation, excretion, and toxic consequences of QDs, no
consensus has been established. Moreover, due to the complexity of in vivo models, the
replication of pharmacokinetics is difficult. However, certain in-vitro studies eased our
basic understanding of mechanisms and possible adverse effects of various QDs. The type
of QDs has an impact on their distribution within cells and clearance rate, which is directly
related to their cytotoxicity. Based on the local accumulation and biological half-life, the
possible cytotoxic potential of QDs can be anticipated. Thus, systematic investigation of
the safety and efficacy of hybrid QDs should be of prime concern.
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Abstract: The remarkable mechanical, electrical, and thermal capabilities of monolayer graphene
make it a wonder substance. As the number of layers in graphene flakes increases to few-layer
graphene (number of layers ≤ 5) and multi-layer graphene (number of layers ≤ 10), its properties are
affected. In order to obtain the necessary qualities, it is crucial to manage the number of layers in
the graphene flake. Therefore, in the current review, we discuss the various processes for producing
mono- and few-/multi-layer graphene. The impact of mono-/few-/multi-layer graphene is then
assessed with regard to its qualities (including mechanical, thermal, and optical properties). Graphene
possesses unique electrical features, such as good carrier mobility, typical ambipolar behaviour, and a
unique energy band structure, which might be employed in field effect transistors (FETs) and utilized
in radio frequency (RF) circuits, sensors, memory, and other applications. In this review, we cover
graphene’s integration into devices for biomolecule detection as well as biomedical applications. The
advantages of using graphene in each situation are explored, and samples of the most cutting-edge
solutions for biomedical devices and other applications are documented and reviewed.

Keywords: 2D nanosheet; nanomaterial; layered material; monolayer; medical imaging

1. Introduction

The sixth element is truly fascinating due to its allotropic forms [1,2]. Its allotropes are
as soft as graphite [3,4] and as hard as diamond [5]. Graphite is three-dimensional structure
that is made up of stacking multiple one-atom-thick layers, which are formed from strong
sp2 hybridized carbon atoms arranged in a hexagonal lattice [6,7]. This two-dimensional
monatomic thick crystal structure consists of single atomic sheet of graphite, and is called
“graphene” [8]. Recently, graphene, an allotrope of carbon, has become a hot topic of
research due to its good physico-chemical properties [9,10]. When stacked, graphene forms
different types of graphene, such as monolayer graphene [11], few-layer graphene [12]
and multilayer graphene [13]. The properties of graphene are dependent on the number
of stacked layers; for example, monolayer graphene has better properties than few-layer
graphene and multi-layer graphene [14,15].

Scientists described the theoretical existence of single layer graphene more than
80 years ago [16]. Then, the practical existence of two-dimensional graphene was con-
sidered physically impossible [17]. However, in 2004, Geim et al. isolated single-sheet
graphene via the scotch tape method and demonstrated its properties experimentally [18].
This was the first time researchers came to know about the remarkable properties of
graphene [19]. Since then, there has been an exponential rise in studies of graphene-based
materials to determine the various applications of their properties, such as in biomedical
applications [20,21].

Due to the expert attention paid to graphene-based materials, high-performance
materials were successfully produced. However, achieving these high performance levels
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involves various challenges, especially in relation to monolayer graphene [22,23]. One
of these challenges is the synthesis of monolayer or few-layer graphene in bulk with
high purity, which is an is extremely difficult process [24]. Other challenges include the
restacking of monolayer graphene in few-layer and multi-layer graphene [25,26]. This
restacking results in the decreased performance of the graphene-based devices. Therefore,
the control of lateral size and aggregation states, in addition to the process of the oxidation of
graphene in graphene oxide, is essential for developing graphene-based high-performance
devices [27,28].

After achieving the synthesis of monolayer graphene, which exhibits good characteris-
tics for a roadmap of graphene-based devices, the characterization of the order of stacking
in graphene became a subject of interest for researchers [29,30]. These characterization
techniques include atomic force microscopy (AFM) [31], Raman spectra [32], Raman map-
ping [33], and Transmission electron microscopy (TEM) [34]. Among these techniques,
Raman spectra and TEM are methods frequently used to determine whether the synthe-
sized material is monolayer graphene, few-layer graphene, or multi-layer graphene [32,34].
After characterization, the graphene material can be used for different applications, such as
biosensors [35], tissue engineering [36], drug carriers [37], and other biomedical applica-
tions. In this review, we discuss the characterized differentiations of graphene and their
particular advantages in biomedical applications based on the number of layers.

2. Production of Mono-, Few-, and Multi-Layer Graphene

Graphene, especially monolayer graphene, has received a great deal of attention since
2004 due to its good mechanical, electrical, and thermal properties [18]. However, the
synthesis of monolayer graphene is extremely difficult and expensive [38,39]. Therefore,
synthesizing few-layer graphene or multi-layer graphene is also a subject of interest [40].
A general scheme represents monolayer, few-layer, and multi-layer graphene (Figure 1).
Mono-, few-, and multi-layer graphene can be synthesized using various methods, in-
cluding micromechanical exfoliation [41], chemical vapour deposition [42], and chemical
methods such as oxidizing graphene into graphene oxide [43] and then reducing it chem-
ically [44] or thermally [45]. A few methods provide high-quality, large-scale few-layer
and multi-layer graphene but small amounts of monolayer graphene, such as the chemical
method; however, the purity and defect density remain matters of concern [46,47]. Similarly,
large-scale monolayer graphene can be synthesized by chemical vapour deposition, but
purity still is a topic of concern [48]. The various methods for producing mono-, few-, and
multi-layer graphene are as follows.

Figure 1. Schematic overview of monolayer, few-layer and multi-layer graphene.

2.1. Synthesis of Few- to Multi-Layer Graphene
2.1.1. Exfoliation of Graphite

Graphite is an abundant material and well known for its lubricating properties [49,50].
However, it has poor mechanical, electrical, and thermal properties. Graphite can be
exfoliated into different types of graphene, but we must first overcome the weak van der
Waals forces which hold the different types of graphene into graphite [51]. A general
scheme of the process for obtaining different layers of graphene is shown in Figure 2.
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Figure 2. Schematic overview of the process for obtaining different layers of graphene.

(a) There are several ways to overcome these weak interactions, and the most promising
among them is the sonication of graphite in different solvents; however, the yields of
multi-layer and monolayer graphene [52] are very poor in this process.

(b) Another promising strategy to obtain graphene from graphite involves oxidizing
graphite by various methods, such as Hummer’s method, and reducing it chemi-
cally or thermally to obtain a large-scale yield [53]. However, the redox results of
graphite into graphene mostly provide high yields of few-layer graphene or multi-
layer graphene.

(c) Another method of producing few- and multi-layer graphene involves the exfoliation
of graphite via graphite intercalation [54,55]. Different types of chemicals can be
inserted to graphite interlayer space, thereby increasing the interlayer distance of
adjacent graphene sheets in graphite. This phenomenon also changes the properties of
graphene, since the increase in interlayer spacing affects electronic coupling between
adjacent graphene sheets in graphite [56].

(d) Another way to exfoliate graphite into few- and multi-layer graphene is via ball
milling [57]. This is a way of exfoliating graphite via mechanical exfoliation. Ball
milling has been extensively used in the past to reduce the particle size of a ma-
terial [58]. Scientists thus propose ball milling as a way to mechanically exfoliate
graphite in small-size nano-graphite, increasing the mixing time to obtain few- or
multi-layer graphene. Thus, ball milling is a promising technique for exfoliating
graphite into graphene. The advantage of using ball milling to produce graphene
is its low production cost, its easy handling, and its ability to produce graphene at
large scale.

(e) The plasma synthesis method is another significant way to produce graphene with
few-to-multiple layers. Microwave plasmas produced by surface waves at a stim-
ulation frequency of 2.45 GHz and under atmospheric pressure conditions were
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successfully used to produce highly structured and stable self-standing graphene
sheets [16]. There were also investigations into how the addition of hydrogen affects
the density of the carbon precursor (C2, C) and the structural soundness of synthetic
graphene sheets. Changes in the sp3/sp2 ratio and the C2 and C number densities
were shown to be correlated [59]. Microwave-driven plasmas were used to control
oxygen functions and the sp2/sp3 carbon ratio (~15) to a high degree [60].

2.1.2. Synthesis of Monolayer Graphene

(a) In 2004, for the first time, Geim and Novoselov developed a method of synthesizing
graphene using micromechanical cleavage as “scotch tape” via mechanical exfoli-
ation [18]. This was for the first time in history that any scientist experimentally
synthesized monolayer graphene. After synthesizing the monolayer graphene, these
scientists further demonstrated its outstanding properties [61]. However, due to the
uneven thickness of the graphene flakes and its high production costs, the mechanical
exfoliation method was not suitable for the mass production of graphene that might
be used to study graphene-based devices.

(b) Another method of producing monolayer graphene is the chemical vapour deposition
method [62]. Monolayer graphene can be grown epitaxially on a silicon carbide
substrate, and can be used for various applications, such as transistors. The size of the
monolayer graphene grown depends on the size of the silicon wafer. The surface of the
silicon wafer also influences the properties of the synthesized monolayer graphene.

3. Properties of Mono-, Few-, and Multi-Layer Graphene

The properties of graphene depend on a number of internal factors (such as the
number of graphene layers stacked in a graphene flake) and external factors (such as
temperature); these factors affect the final performance of devices based on graphene
flakes. It is well known that monolayer graphene exhibits extremely good mechanical,
thermal, and electrical properties, and that these properties decrease as the number of
layers increases—such as from monolayer graphene flakes to few-layer and multi-layer
graphene flakes. The sections below describe the effects of these factors on the mechanical,
thermal, and optical properties of mono-, few-, and multi-layer graphene.

3.1. Mechanical Properties of Mono-, Few-, and Multi-Layer Graphene

Figure 3 shows the effect of the number of layers in graphene flake on mechanical
properties (such as fracture stress and fracture strain). As expected, it was found that the
mechanical properties decrease as the number of layer increases from monolayer to few-
layer and then to multi-layer graphene. However, these changes in mechanical properties
are not significant, as shown by Zhang et al. [14]. It is clear that the fracture strain and
tensile strength are not significantly affected by the transition from few-layer graphene
to multi-layer graphene. This is due to the dominance of the “nano effect” of graphite as
the number of layers increases from few-layer to multi-layer graphene. Zhang et al. [14]
further report that the mechanical properties are significantly affected by temperature,
which is an external factor. The studies show that, as the temperature increases from 300 K
to 2000 K, the tensile strength decreases significantly from 125 GPa to around 43 GPa.
This fall in tensile strength is due to the softening of the structures. In addition, it is well
known, and was demonstrated by Zhang et at [14], that the atoms of graphene undergo
severe movement at higher temperatures, leading to such reductions in the mechanical
properties. Similarly, fracture strain (67%) and Young’s modulus (23%) drop significantly
as the temperature increases from 300 K to 2000 K [14].
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Figure 3. (a) The fracture stress and (b) fracture strain of mono- to few- to multi-layer graphene.
Reproduced from [14] with the permission of Elsevier.

3.2. Thermal Properties of Mono-, Few-, and Multi-Layer Graphene

The coefficient of thermal expansion (CTE) was studied as a function of temperature
and the number of layers stacked in graphene flakes. It was found and demonstrated by
Mag-isa et al. [15] that thermal properties such as CTE are highly dependent on internal
factors (the number of layers in the graphene flake) and external factors (temperature)
(Figure 4). For example, it was noted that, as the temperature increases from 20 ◦C to
140 ◦C, the COE is affected. This was expected, due to increase in the thermal kinetics of
the processes as the temperature increases. Similarly, the thermal properties are affected by
increasing the number of layers, as the thermal properties of monolayer graphene differ
from those of few- and multi-layer graphene [12,15]. It is interesting to note that the results
for few-layer graphene are placed between those of monolayer graphene and multi-layer
graphene, as expected. Moreover, all of the values of CTE studies reported by Mag-isa
et al. [15] and other researchers are negative. A negative CTE is generally regarded as a
non-close-packed system with directional interactions, such as ice or graphene.

Figure 4. The thermal properties of the graphene-based flakes: (a) coefficient of thermal expansion
against temperature; (b) coefficient of thermal expansion against mono-, few-, and multi-layer
graphene. Reproduced from [15] with the permission of Elsevier.
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3.3. Optical Properties of Mono-, Few-, and Multi-Layer Graphene

By taking into account the surface conductivity (σ), the refractive index (n) and the
extinction coefficient (k) of graphene can be determined. Knowledge of the frequency-
dependent surface conductivity sG, which can be determined from either a microscopic
model or from experiments, is necessary for understanding the optical characteristics of
graphene [63]. The surface conductivity (σG) of graphene is dictated by the high-frequency
expression acquired from the Kubo model [64].

4. Determination of Mono-, Few-, and Multi-Layer Graphene

The determination of the number of graphene layers and defects is critical for tailoring its
properties for intended applications, and involves microscopic as well as spectroscopic measurements.

4.1. Atomic Force Microscopy (AFM)

AFM is defined as high resolution microscopy with a resolution at the atomic scale.
AFM can determine various features of a material, such as thickness, grain height, topo-
logical features, phase diagrams, and roughness. These features are then correlated with
the properties and target applications of the material, such as graphene. Xu et al. [65]
studied and employed the AFM technique to determine thickness of graphene flake. The
corresponding histogram shows that the flake thickness ranges from 1.1 to 1.6 nm. By
considering an interlayer distance 0.33 nm, a total of 4–5 layers can be estimated to be
present in the graphene flake. It therefore falls into the category of few-layer graphene [65].
Chen et al. [66] demonstrated the use of AFM for determining the roughness of graphene
flakes. The authors found that the pristine polymer forms a homogenous film with a
mean roughness in the range of 2.2 nm. As the graphene is added to the polymer, the
composites made of polymer-graphene also exhibit good film-formation properties, with
a mean roughness of 3.1 nm [66]. Zhang et al. [67] also studied the early stages of atomic
layer deposition (ALD) on epitaxial graphene (EG) via AFM (Figure 5). It can be seen that
the EG-based sample shows flat topological features. The small surface roughness and
very narrow distribution of height values can also be noticed. Fitted with a single, the
Gaussian peak shows a full-width half-maximum (FWHM) of 0.2 nm. Similarly, different
topological images of the specimen were shown as a function of different ALD cycles,
increasing from 10 to 80 [68]. No significant differences can be seen in the topology images;
the height values and Gaussian fit of FWHM remained practically the same as the number
of ALD cycles increases. Gao et al. [69] also studied the thickness of graphene flakes with
the help of the AFM technique. The authors state that the thickness of the graphene flake
used in the work was in the range of 0.4–1 nm. This shows that the graphene flake was
monolayer-to-few-layer graphene.

Yuan et al. [70] investigated the thickness of the graphene flake with the help of the
AFM tool. The authors demonstrated the sheet-like topological feature of the graphene
flake. They further investigated the flake thickness and its lateral dimension. It was found
from the histogram that the graphene flake consisted mostly of monolayer graphene, while
a low percentage of few-layer graphene and multi-layer graphene was witnessed. The
lateral dimension was in the range of 2 to 10 μm, and therefore had very high shape
anisotropy [70]. Finally, Bhuiyan et al. [71] investigated the graphene flake thickness with
the help of AFM microscopy. From this study, the authors demonstrate the smooth, sheet-
like topology of the graphene flake, which had a thickness of around 1 nm; this shows that
the graphene flake used in the work is few-layer graphene [71].
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Figure 5. (a) AFM images of monolayer graphene flakes with adjacent height profiles; (b) different
types of few-layer graphene flakes with adjacent height profiles; (c) the adjacent thickness of the
flakes; (d) the length distribution of different flakes analyzed through AFM microscopy. Reproduced
from [67]. [CC-BY].

4.2. Transmission Electron Microscopy (TEM)

The TEM technique involves the transmission of a beam of electrons through a sample
that is usually 100 nm thick and suspended on a grid. This technique gives an image of
atomic-scale resolution and can be used in determining the characteristics of mono-, few-,
and multi-layer graphene.

Araby et al. [72] demonstrated the use of TEM in determining the graphene thickness
via high resolution TEM images (Figure 6). The images show that the graphene flake is
few-layer graphene, the type of graphene obtained using an indium catalyst at 150 ◦C.
On the other hand, Long et al. [73] examined the morphology of graphene flakes via
TEM and HRTEM. The TEM images show the wrinkled morphology of the graphene
flakes, indicating a stable structure. The HRTEM images of the graphene flakes show
the stacking morphology of borophene on the reduced graphene oxide. Moreover, the
investigation shows a good interaction between borophene and the reduced graphene
oxide [73]. Navik et al. [74] investigated the morphology of few-to-multi-layer graphene
via HRTEM. This technique shows that, in the graphene flakes, the distribution of few-
layer graphene is around 70% and the remaining 30% belongs to multi-layer graphene.
The HRTEM images provided by the authors show exfoliated graphene sheets in which
the exfoliation process produces large transparent graphene flakes, which mostly belong
to few-layer graphene [74]. Ding et al. [75] studied the number of graphene layers per
graphene flake via HRTEM. The authors demonstrated that the graphene flake used in
the work contains mono- and bi-layer graphene. Thus, a high degree of exfoliation was
achieved in the work and the remarkable properties of the related materials were studied.
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Figure 6. (a–d) Typical TEMs of graphene nano flakes in different forms, synthesized by an indium
catalyst at 150 ◦C. Reproduced from [72] (CC BY).

4.3. Raman Spectra

Raman spectra (named after Sir C.V. Raman from India) is a famous spectroscopy
technique that provides information about the vibrational modes of molecules, etc. It is
most prominently used in determining the number of graphene layers in a graphene flake.
The graphene flake generally shows three characteristic bands, namely, the D-band, G-band,
and 2D band [76]. The position of the 2D band is different for different types of graphene
flake. It is around 2702 cm−1 for tri-layer graphene, and increases with the increase in the
number of layers to as much as 2720 cm−1 for multi-layer graphene and 2725 cm−1 for bulk
graphite [14]. Campanelli et al. [77] used Raman spectra to demonstrate the interaction
of Yb3+ with monolayer and bi-layer graphene. Their paper demonstrates that there is a
good interaction between Yb3+ and graphene flakes, as confirmed using Raman spectra.
A shift of ~5 cm−1 to ~7 cm−1 was observed at different Raman bands in the presence
of Yb3+, indicating a good interaction [77]. Wang et al. [78] demonstrated the use of the
Raman spectra technique for identifying monolayer and bi-layer graphene. The authors
reported on systematic and statistical tests of the signatures of the so-called buffer layer
and its coupling with the epitaxial graphene layer via Raman spectroscopy. The findings
show a coupling between graphene and buffer layer [78]. Silva et al. [79] demonstrated
the different number of graphene flakes with mono-, few-, and multi-layer graphene via
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Raman spectra (Figure 7). A statistical analysis of the different types of graphene flake with
mono-, few-, and multi-layer graphene was presented. The protocol is based on the position
of the 2D band, which is different for different type of graphene layers, as discussed above.
The authors demonstrated that the Raman spectra is suitable for the statistical analysis of
mono-, few-, and multi-layer graphene with relatively low costs [79].

Figure 7. (a) Representative Raman spectra of different graphene flakes varying from monolayer
to few-layer to multi-layer graphene; (b) a plot of the experimental values obtained from the ratio
intensity of the G-band to Raman signals from the Si substrate; (c) a magnified view of the (b) graph
from monolayer to multi-layer graphene [79].

4.4. Raman Mapping

Raman mapping is known as a laser-based microscopic technique which is obtained
via Raman spectra. Recently, Raman mapping has played a significant role in determining
the homogeneity of the graphene flakes used for different applications. Huang et al. [80]
studied monolayer graphene through Raman mapping at different temperatures of over
150 ◦C and 250 ◦C. The Raman signatures indicate the formation of defects in graphene,
even at low temperatures. The Raman maps show that the ratio of intensity of the D to G
bands was 1.85 and 4.01 for 150 ◦C and 250 ◦C, respectively, indicating higher defect density
for the 250 ◦C sample [80]. Bouhafs et al. showed [81] the synthesis and characterization
of large-area few-layer graphene by chemical vapor deposition. The Raman map used in
this study shows clear ABA and ABC stacking in the studied few-layer graphene. Bleu
et al. [82] studied few-layer graphene via Raman spectra and Raman mapping. The most
significant peaks for the few-layer graphene studied through Raman spectra are the D, G,
and 2D bands that are located around 1350, 1580, and 2700 cm−1, respectively (Figure 8).
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In addition, the intensity ratio of the D to G band can be used to estimate the defect
density, and the intensity ratio of 2D to G reveals the number of graphene layers stacked.
The histogram was estimated via Raman maps and few-layer graphene was found to be
dominant in the sample [82]. Moreover, the Raman maps show the good homogeneity of
the synthesized few-layer graphene, with low defect density.

 
Figure 8. Raman analysis of the synthesized few-layer graphene; (a) a Raman map of the ratio of
intensity of the D-band to the G-band; (b) a Raman map of ratio of the intensity of the 2D band to the
G-band; (c) Raman spectra of few-layer graphene; (d) the distribution of the number of graphene
layers in few-layer graphene. Reproduced from [82] with the permission of Elsevier.

5. Biomedical Devices and Other Biomedical Applications

5.1. Use as a Biomedical Device

The anatomical characteristics of different layers of graphene are different. Mono-
to-multi-layer graphene is highly sensitive and is used in sensor applications, including
biomolecules, elements, gas, pressure, and electrochemical detection [83,84]. Due to its large
surface area, electrical conductivity, biocompatibility, easy operation, tunable structural
transformation, and excellent mechanical strength, layered graphene is used as a biomedical
device for regenerative drugs [85,86], bio-mining [87] detection [88], and cancer cures [89].

On the other hand, there is a basic restriction on the use of monolayer graphene in de-
vice applications: that is, the light–graphene interaction is weak due to the atomic thickness
of graphene. In particular, graphene exhibits a wavelength-independent absorption of 2.3%
in the visible and near-infrared regions, which limit its further application in areas such as
sensors and photodetectors [90]. In recent years, several approaches have been proposed to
solve these problems, such as the angle-insensitive broadband absorption enhancement
of graphene [91], and electrically modulating and switching the infrared absorption of
monolayer graphene [92].
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5.2. Use as a Sensor Device

Additionally, biomolecules with hydrophobic domains or systems, such as DNA
strands or proteins, have a tendency to naturally adsorb on graphene [93]. Another
simple way to modify graphene for the targeted immobilization of bio-receptor units is to
functionalize it [94].

5.2.1. Nucleic Acids Sensor Device

Compared with devices made using bilayer and few-layer graphene, sensor devices
made with functionalized monolayer graphene exhibit superior sensitivity, better repeata-
bility, and stronger construction [95]. Monolayer-graphene-based FET devices are used as
nucleic acid sensors with high selectivity and low detection limits [96,97]. In this device, the
fixed graphene layers are determined by using 1-pyrenebutanoic acid succinimidyl ester
(PBASE) as a link chemical and acquired a 10 pM detection limit (Figure 9). To recognize
pesticides, more GFET detectors based on microfluidics were created [98].

Figure 9. Characteristics of G-FETs. (a) The relationship between PBASE’s molecular structure and
the probe DNA. (b) PBASE is used to functionalize the graphene surface. A probe DNA (shown in
orange) is immobilized by interacting with the PBASE. The probe DNA is then hybridized with the
target DNA (shown in blue) and unrelated control DNAs (in green). (c) Graphs of the source drain
current versus the constant source drain voltage (0.1 V) for different conditions of graphene. (d) A
schematic showing the equivalent circuit made up of four parallel plate capacitors and a resistance
(RL) linked in series and the sensing model of a G-FET. Reproduced from [97] (CC BY).

5.2.2. Mammalian Cell Sensor Device

For cell-sensing applications, layered graphene is used as an immobilizer for detecting
cells or various pathogens. Recently, scientists developed few-layer graphene-based FETs
with HER2-specific aptamers and the ability to detect very low concentrations of HER2-
cells [98]. Moreover, the devices exhibited highly sensitive detection against breast cancer
cells and SK-BK-3 cells at the single-cell level.

5.2.3. Monolayer Graphene and Immune Sensor Devices

The surface modifications of functionalized specific polymers improve the interfacial
interactions between them when used as high-performing medical devices [99,100]. As
evidence, when the monolayers of graphene are mixed with a bioactive immobilizer
(biotinylated cholera toxin), they showed a remarkable response to the anti-CT test [101].
Additionally, pyrene-NTA-conjugated graphene-monolayer-based sensor devices can detect
up to 4 pL−1 of anti-CT, which is also a very significant result for anti-CT approaches [102].
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A high-sensitivity surface plasmon resonance (SPR) biosensor made of a monolayer of
graphene, a four-layer MoS2, and a layer of gold was studied [103]. The maximal sensitivity
of the sensor, 282º/RIU, was shown by computational models using the transfer matrix
method (TMM), which was about two times more sensitive than the typical Au-based SPR
sensor. Additionally, the Kretschmann-configured manufactured sensors were employed
to detect okadaic acid (OA). To create a competitive inhibitory immunoassay, the okadaic
acid-bovine serum albumin bioconjugate (OA-BSA) was mounted on the graphene layer
of the sensors. According to the findings, the sensor had a very low sensitivity limit
(LOD) for OA of 1.18 ng/mL, which is roughly 22.6 times lower than that of a traditional
Au immunoassay. Figure 10 depicts the schematic diagram of the OA detection process
(Figure 10).

 
Figure 10. The flowchart for the method of detecting okadaic acid (OA). Reproduced from [103] (CC BY).

5.2.4. The Development of Imaging Devices for Biomedical Purposes

Bio-imaging is an important aspect of regenerative medicine [104]. Imaging techniques
use different layers of graphene (a single layer to multiple layers) for imaging contrast
agents such as fluorescence/confocal imaging [105,106], Forster resonance energy transfer
(FRET) imaging [106], coherent anti-Stokes Raman scattering imaging (CARS) [107–109],
magnetic resonance imaging (MRI) [110], surface-enhanced Raman scattering (SERS) [111],
ultrasound imaging [112,113], photoacoustic imaging [114], electron paramagnetic res-
onance imaging (EPRI) [115,116], and positron-emission tomography (PET) [117,118].
Among these techniques, a few, such as computer tomography (CT), PET, MRI, and ultra-
sound imaging, are well-established and for use in humans. These imaging techniques used
to better understand and monitor the affected site of the body for therapeutic purposes.
Additionally, there are two fundamental necessities for bio-imaging: (1) rapid, selective,
and sensitive instruments, and (2) good, non-toxic, biocompatible, biodegradable imaging
contrast agents that have good bio clearance and are capable of crossing the physiological
body membrane barrier.

Currently, the most developed EPRI technique is used to detect and quantify various
physiological parameters in a cancer-effected microenvironment in in vivo models, such as
pO2 [119–121], pH [116,122], and oxidation situations [116,123]. Normally, for this method,
TAM (triphenylmethyl radical) [124] or other compound chemicals [125] are used. In
EPRI for localized oxygenation sensing, carbon-based ink is used [126]. CARS imaging
technology is highly sensitive in providing signals to process images in in vivo, ex vivo,
and in cell cultures, up to micrometer-level penetrations [127,128].
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Mono-to-multi-layered graphene-based materials are used in the biomedical field
as contrast agents [129,130]. The key benefit of this is that the processes are biocompat-
ible, less toxic, and metal-free [131]. Mono-to-multi-layered graphene-based materials
are mainly used in fluorescence imaging [132] where they are used in modified form,
display layer, and surface-chemistry-dependent fluorescence [133]. To enhance the bio-
compatibility of mono-to-multi-layered graphene, a few common polymers are used, such
as polyethylene mine [134], PEG (polyethylene glycol) [135–138], polystyrene [139], and
polypeptides [140]. Recently, scientists shortened the varied imaging techniques of different
layers of graphene used, and determined that various imaging techniques can be performed
on one platform [141]. Therefore, we assume that, in the coming decade, different layers
of graphene-based materials and their diverse morphology will play a significant role in
biomedical applications and in determining the future of therapeutic approaches.

5.3. Use in Other Biomedical Applications
5.3.1. As a Delivery Carrier and in Treatment
Ligand-Based Drug Delivery

Most interferences with drug-delivery systems are due to the presence of many pro-
teolytic enzymes in the cytoplasm of a cell. Graphene and its derivatives are used as
drug carriers or carriers that bypass those interfering enzymes. Its properties make it a
promising carrier for biomedical applications; for example, COOH and OH are the main
group ligands of GO that are acceptable for binding to various organic molecules, such as
proteins, DNA, and many polymers. This ligand makes it biocompatible, cell selectable,
and efficient. Some reported polymer binding ligands are used to deliver anti-cancer drugs
such as doxorubicin (DOX) [142]. Other reports noted that the drug Ibuprofen has been
delivered using chitosan-containing GO [138].

Graphene’s unmodified basal plane site with open surface π electrons is hydrophobic,
creating π-π interactions for loading drugs [143,144]. GO has been transformed into a
carrier for the supply of water-soluble cancer drugs. The solubility of physiological and
aqueous solutions can be increased by functional NGO with PEG [145]. Figure 11 shows a
scheme of monolayer, few-layer, and multi-layer graphene applications.

Figure 11. Cartoon illustrating the applications of monolayer, few-layer, and multi-layer graphene.
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Stimuli Response Delivery

Some drug delivery occurs due to changes in temperature, pH, light, and salt con-
centrations, whereby the polymer ligand can detect the particular physiological change
and deliver the drug. A few reports show that the biopolymers bound with graphene
materials are capable of pH-responsive drug delivery or of being used as transporters [146].
For example, DOX is an anticancer drug that is easily released from the GO-Dox complex
in a low pH body environment due to its high solubility at a low pH or in acidic condi-
tions [147]. On the other hand, pH-sensitive delivery has been shown to be effective in the
treatment of tumors using folic acid with DOX and camptothecin [148]. A photochemically
regulated gene-delivery carrier was also reported where the low molecular weight PEI and
rGO were combined with polyethylene glycol (PEG) and delivered the plasmid DNA by
physiochemical assays [149].

Gene Delivery

Gene delivery is a good alternative way to cure many genetic diseases, as genes can be
delivered to a cell through a vehicle or carrier. Many scientific works have reported gene
delivery through GO or GO-based materials. To prepare for gene delivery, polyehylenimine
(PEI) was adhered to the surface of the GO sheet via covalent coupling and electrostatic
contact with stacking plasmid DNA (PDNA) [150]. The long chain [138] and the branching
chain are parallel to the GO [151]. In contrast to other complex compounds, PEI has high
transfection effectiveness and low cytotoxicity. Additionally, chitosan complex GO has
been used for the delivery of anti-cancer medication drugs and plasmid DNA [152].

5.3.2. Therapeutic Applications

Many results report that the different layers of graphene or graphene oxide can inhibit
the growth of tumor spheres in various cell lines, including breast, lung, ovarian, pancreatic
cancers, and glioblastoma [153]. Few-layer GO not only inhibits tumor development when
injected into mice as an immunocompetent containing CT26 colon cancer cells [154], but
also inhibits autophagy [155], immunity, and cell death [156]. In xenograft models, the
conjugate PEG-GO exhibits malignancy and thus has a high therapeutic value [157]. An
example of this is an rGO/iron oxide NP coated with PEG (rGO-IONP-PEG), which can
be used for photothermal treatment (PTT) in vivo and as a triple-mode sensor for fluores-
cence, photoacoustic tomography (PAT), and magnetic resonance imaging (MRI) [158,159].
Another example is fluorinated GO, which can be used as a magnetically sensitive drug
carrier and can be imaged via MRI and photoacoustic tomography [160].

5.3.3. Tissue Engineering for Cell Growth
Monolayer Graphene and Scaffold Formation for Fibroblasts

In a recent study, monolayer graphene’s cytotoxicity and usefulness as a scaffold for
murine fibroblast L929 cell lines were assessed. The authors demonstrated the impact
of monolayer graphene toxicity through tests on cell viability, morphology, cytoskeleton
architecture (microfilaments and microtubules), cell adhesion, and migration. They dis-
covered that the fibroblasts grown on a monolayer of graphene showed modifications
in cell attachment, motility, and cytoskeleton organization [161]. Within 24 h of culture,
monolayer graphene was discovered to show no cytotoxicity toward L929 fibroblasts and
to improve cell growth and adhesion. Additionally, as shown by the results, the monolayer
graphene aided in the migration of cells. In the end, it was shown that monolayer graphene
is not hazardous to murine subcutaneous connective tissue fibroblasts, and may even help
injured tissues heal [161].

Few-Layer and Multi-Layer Graphene and Scaffold Formation

Graphene with different numbers of layers has different effects on different cell line
cultures. A mammalian cell culture was tested using a few-layer graphene sheet platform.
They described an investigation on the behavior of NIH-3T3 fibroblasts on several carbon
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nano-materials layers, including carbon nanotubes, RGO, and GEO. Layers treated with
carbon nanomaterials demonstrated excellent compatibility and improved gene transfec-
tion efficiency [162]. When compared to conventional polystyrene tissue culture plates,
graphene-chitosan hybrid films have demonstrated positive outcomes in tissue engineering
to repair and enhance tissue function [163].

Differentiation of Stem Cells

Stem cells are important for living organisms due to their continuous regeneration
powers and ability to convert into any kind of cell type where required. In regenerative
medicine, stem cells are used as a therapeutic agent. Different layers of graphene are
used in stem cell cultures for different purposes. The different layers of graphene showed
various types of toxicity effects, electrical conductivity behaviors, biocompatibility, etc.
A recent study showed that human mesenchymal stem cells (hMSCs) could differentiate
into neurons very well on a surface made of few-layer graphene because the graphene
served as an electrically coupled cell-adhesion layer for the hMSCs [164]. In another study,
multi-layer graphene also improved the osteogenic differentiation to a greater extent than
the general growth factor [165]. A comparative study found that osteogenic differentiation
was stimulated but adipogenic differentiation was impeded on graphene as compared
to the GO. This occurred due to the different surface characteristics of different layers of
graphene or graphene derivatives which come from chemical functionalization [166,167].

5.3.4. Anti-Microbial Effects

The different layers of graphene and their derivatives showed various diversified
antimicrobial effects on both Gram-positive and Gram-negative bacteria [168,169]. Few-
layer graphene oxide and reduced graphene oxide both showed antibacterial effects on their
surfaces [168]. Meanwhile, some reports showed that the bacterial growth was intensified,
rather than inhibited, on the monolayer graphene surface [170]. The monolayer GO is more
effective than the few-layer and multi-layer GOs because monolayer GO is more efficient
in charge transfer with bacterial cells [169]. This happens due to oxidative stress induced
by membrane disruption [170,171].

5.3.5. Digital and Analog Devices and Equipment

Graphene is frequently employed by researchers in the field of digital and analog
device and equipment. A novel electro-optical encoder based on a graphene–Al2O3 multi-
layer stack has been designed. It was demonstrated that employing various chemical
opportunities for graphene yields the desired encoding operation for the intended struc-
ture [172]. In a different study, a switch made of graphene was proposed as a solution to
power and footprint issues. The structure may be a good contender for PIC uses, since
adding graphene monolayers improves the interaction between light and the material,
and lowers the cutoff intensity for the switching function [173]. By altering the chemical
prospects of graphene, a graphene-based plasmonic waveguide was created and studied
for switching functions at terahertz frequencies [174]. A graphene layer and a silicon ridge
were added above and below the channel, respectively, to create a new plasmonic channel.
Low energy consumption and the opportunity for on-chip integration are benefits of the
sub-wavelength scale [175]. The graphene waveguides are encased between two SnO2
layers in a small, graphene-based plasmonic D flip-flop, which is shown. The flip-flop’s
compact area is a crucial component for use in optical integrated circuits [176].

6. Conclusions, Current Trends, and Future Prospects

Since 2004, when its remarkable properties were first demonstrated, graphene has
attracted a good deal of attention from scientists around the world. These properties change
as monolayer graphene is restacked to form few-layer graphene, and few-layer graphene
is stacked to form multi-layer graphene. However, the outstanding properties are limited
to monolayer graphene, while few-layer and multi-layer graphene only show the “nano
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effect” of graphite. However, the frequent use of monolayer graphene is difficult due to
the challenges of synthesizing it in bulk and its processing costs. Scientists have come up
with different approaches to synthesize graphene, such as the exfoliation of graphite into
graphene or the synthesis of graphene from chemical vapor deposition. Chemical vapor
deposition is the most suitable technique for synthesizing monolayer graphene, while the
exfoliation of graphite can be used to synthesize few-layer and multi-layer graphene. A
significant advancement in the characterization of graphene flakes has been witnessed, and
various methods for characterizing graphene have been proposed by scientists. Among
them, AFM, TEM, and Raman spectra have been found to be the most promising.

The future of graphene is bright. For the last two decades, researchers around the
world have demonstrated a great interest in graphene. The increasing number of publi-
cations on graphene are evidence of the attention being paid to graphene. In particular,
monolayer graphene is of key interest due to its outstanding mechanical, electrical, and
thermal properties. Synthesizing monolayer graphene in bulk remains a key challenge, and
new methods for synthesizing graphene will be explored in the coming decade.

Its remarkable and easy modification facilities, which include surface alterations
using any type of required ligands, render differently layered 2D graphene materials very
interesting for biomedical purposes. Monolayer graphene and few-layer graphene have no
toxicity, higher biocompatibility, and are highly capable of strong UV absorption, SERS,
and fluorescence and fluorescence quenching; this makes them some of the most powerful
nanomaterials for biosensors, therapeutics, and tissue engineering, as well as for biomedical
electronic devices. Still, a few challenges remain, even though the different layers of
graphene show promising results concerning their functionalization and optimizations by
fractionation based on the number of layers, size, morphology, and chemical functionalities.
Moreover, there are many incomparable benefits and still many opportunities to explore
the interesting characteristics of these materials and their possible uses. We presume
that interdisciplinary efforts with chemistry, biology, and engineering will stimulate the
automatic recognition of graphene-layer-based platforms for biomedical applications, and
will lead to various successful and innovative applications. In addition, we conclude that
different layers of graphene-based materials and their diverse morphology will perform a
significant function in the subsequent decade in biomedical applications, and will shape
the future of therapeutics.
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et al. EPR Oximetry Sensor—Developing a TAM Derivative for In Vivo Studies. Cell Biochem. Biophys. 2018, 76, 19–28. [CrossRef]
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