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Chapter 1

Introduction

This chapter introduces quantum dots and nanocrystals. The details of nano systems

considered in this study, their applications and the fabrication methods are presented.

The carrier multiplication process, its variety and application potential are discussed.

1.1 Quantum dots

1.1.1 Introduction

Since a few decades, low-dimensional structures, including thin �lms, nanowires,

quantum dots (QDs) and nanoparticles, have become an interesting topic of re-

search because of their special properties whose origin mainly relates to the quantum

con�nement e�ect (QCE). QD is a term which denotes a small solid-state particle

containing hundreds to thousands of atoms, with a diameter of several nanometers.

With the small diameter and not a large number of atoms, a QD is often referred

to as an �arti�cial atom�, being an intermediate state between bulk material and

individual atoms. In bulk material (3 dimensional, 3D), the carriers freely move in

three dimensions and the density of states can be considered as continuous. There-

fore carriers can assume any energy within broad energy bands. However for 2D

(thin �lms - quantum wells) [1] and 1D structures (nanowires, nanorods or nano-

bars), an electron behaves as free only in 2 and 1 dimensions, respectively, being

con�ned in the remaining ones.

A QD is a 0D structure with quantum con�nement (QC) in all 3 dimensions [2].

The diameter of a QD signi�cantly in�uences the energy band structure and, con-

sequently, its optical properties. The QCEs become important when the diameter

of a QD becomes comparable to the Bohr's radius [3]. Furthermore, the fabrication

conditions a�ect signi�cantly the structural quality and properties of QDs.

For QDs many possible applications have been found. In 2008, Zhukov et al. showed

lasing in InAs/InGaAs QDs on a GaAs substrate [4], with high power and low noise.

This result suggested QD laser applications. Some non-toxic QDs can exhibit strong

photoluminescence (PL) in the near infrared (NIR) with low photobleaching, sug-

gesting possibilities of the �in vivo� imaging and tracking applications for biology

and medicine [5]. In addition, QDs can also be used for therapy; for example a
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research of Jeyaraj et al. in 2013 [6] demonstrated that silver nanoparticles, with a

size around 22 nm, could be used for cancer treatments. Some speci�c applications

of Si nanocrystals (NCs) and carbon QDs will be discussed further in this thesis.

1.1.2 Quantum con�nement

In order to understand the origin of the QCE in QDs, we need to introduce the elec-

tron wavefunction. In order to simplify the issue, we consider an electron con�ned

inside a box with an in�nitive potential barrier at the edges. The dimensions of the

box in x, y and z directions are Lx, Ly and Lz, respectively. The potential is then

de�ned as follows:

V (x, y, z) =

{
0, if 0 6 x 6 Lx, 0 6 y 6 Ly, 0 6 z 6 Lz

∞, if otherwise.
(1.1)

The Schrödinger time-independent equation for an electron with an e�ective mass

m∗ in a QD is written in Cartesian coordinates as follows [7]:
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where Ex,y,z refers to the energy of the electron (in Cartesian coordinates) and m∗

stands for the e�ective mass of the electron. The set of wavefunction solutions of

an electron inside the box is written as follows:
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where, nx, ny and nz are integer numbers excluding 0 for directions x, y and z, respec-

tively. The energy of the particle corresponding to the wavefunction ψnx,ny ,nz(x, y, z)

is quantized and given by the formula:
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+
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)
. (1.4)

For a spherical QD with a radius R, the condition for an electron to be con�ned is:

x2 + y2 + z2 6 R2. (1.5)

In bulk material, the density of states is almost continuous. In that case, a �hot�

carrier (excited high into a band) can �cool� to the band edge cascading through the

available state continuum. The relevant time scale for this process is typically around

a few femtoseconds [8]. During the cooling process, excess energy is lost to phonons
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(lattice vibration), i.e. to thermal dissipation. However in QDs, from equation 1.4,

the separation between the energy levels becomes larger due to the quantization of

the energy structure, and the relaxation process slows down. This e�ect is referred

to as the phonon bottleneck [9]. In addition, the probability of alternative processes

of energy dissipation by hot carriers increases, especially those driven by Coulomb

interaction. These include energy transfer between carriers in terms of the multiple

exciton generation (MEG) and space-separated quantum cutting (SSQC) - see the

next section. In general, discretization and the QCE lead to the variation of the

band structure; consequently the physical properties are changed. In particular

emission maybe a�ected, leading to a blueshift; due to increase of the bandgap as

the size of a QD reduces [10, 11]. Also a redshift might appear in some cases, as

found for Si NCs [12] and InP QDs [13, 11], where some �hot� PL bands reduce their

energies upon size con�nement.

Another e�ect due to the QC is relaxation of the momentum conservation law. This

is explained by the Heisenberg uncertainty principle, which states that:

∆x∆px ≥
~
2
, (1.6)

where ∆x and ∆px re�ect the uncertainty of the position and the momentum of

a particle, respectively. When the uncertainty of x is signi�cantly decreased as a

result of the boundary conditions of the QD, ∆px increases. In other words, the

momentum of an electron in a QD will become uncertain. For indirect bandgap

materials, the energy - momentum diagram is drawn with the mismatch between

the bottom of the conduction band and the top of the valence band; therefore the

electron-hole (e-h) recombination is typically assisted by phonon(s). This leads to

a low probability of photon emission, and therefore also to low emission e�ciency.

However in QDs, due to the spatial location of carriers (small ∆x), ∆px increases

signi�cantly (see equation 1.6); in other words, the band structure is �blurred�.

In result, the radiative recombination of an e-h pair increases and becomes more

e�cient than in the bulk. In a Si QD with crystalline structure, the transition

between the direct and the indirect bandgap was simulated by Kocevsky et al. [14]

upon reducing the diameter from 4.6 to 1.0 nm.

1.2 Nanocrystal systems in this study

A large number of NC systems of semiconductors [15, 16], alloys [17, 13, 11], and

metals [6, 18], etc. have been investigated. In the scope of this thesis, Si NCs and

carbon QDs with and without dopants are studied.
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1.2.1 Silicon nanocrystals

Bulk silicon is non-toxic and environmentally benign. It is widely abundant (the

second most abundant element of earth's crust behind oxygen) and forms the ba-

sis of the complementary metal oxide semiconductor (CMOS) technology [19, 20].

In the electronic applications, Si is used to produce durable and stable electronic

components, such as transistors, thyristors, diodes, etc. Silicon is also used in opto-

electronic devices, e.g., for photodiodes, image sensors, charge-coupled device (CCD)

[21] and so on. However, being an indirect bandgap semiconductor, bulk silicon ex-

hibits poor emission e�ciency; therefore bulk silicon has not been applied for light

emitting applications.

In this study, samples with Si QDs have been used. Recent investigations by high-

resolution transmission electron microscopy (HRTEM) reveal crystalline structure

of Si QDs fabricated by sputtering and high-temperature annealing [22, 23, 24].

Therefore in this thesis, we will use the term Si NCs rather than QDs.

1.2.1.1 Production method

• Co-sputtering: This is a method to produce high quality thin �lms with Si

NCs dispersed in SiO2. The scheme of a chamber of a sputtering system is

presented on �gure 1.1. The chamber is �rst evacuated and then �lled with

an inert heavy gas. For that, argon is usually used [25]. The operation of the

system is presented in the caption of �gure 1.1. The kinetic energy of argon

ions must be higher than the binding of atoms in the material on the target,

and is usually around 3 - 10 keV [26].

For development of co-doped Si NCs, up to four targets can be used simul-

taneously in the chamber, containing separated materials: silicon, phosphor,

boron, and silicon dioxide. The power used to control the plasma for each

target must be calculated carefully in order to obtain the desired sample pa-

rameters, such as stoichiometry, the concentration of dopants, and the layer

thickness. In this case, the SiO2 target is used to produce the matrix in which

phosphor and boron co-doped Si NCs are embedded. The excess silicon in�u-

ences the di�usion process of Si during the subsequent annealing process [27],

and changes the size of NCs. The annealing temperature and duration have

in�uence the quality and size distribution of Si NCs [28, 29].

The inorganic colloidal co-doped Si NCs can be prepared in a way developed

by Fukuda et al. [30]. In this method, the co-doped Si NCs on a steel substrate

were prepared by co-sputtering with four targets: Si, SiO2, B2O3, P2O5 after

which a subsequent annealing step in N2 ambient followed. Next, the sample is

dissolved inside a hydro�uoric acid solution to separate the co-doped Si NCs.
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Before being washed to remove HF and dissolved in ethanol, the co-doped Si

NCs with a certain size are selected by a �lter.

Figure 1.1: The schematics of a co-sputtering system to fabricate Si NCs dispersed

in an SiO2 matrix. Two targets (with Si and SiO2) are used. The plasma with the

argon ions is created nearby the surface of the targets by the electro-magnetic �eld.

An electric �eld applied between targets and the substrate accelerates the argon ions,

which gain high kinetic energy. The ions collide with the silicon and silica targets

thereby releasing atoms/atomic clusters. These arrive to the substrate and deposit

there. A layer of Si and SiO2 is formed on the substrate. The substrate holder can

rotate in order to make the thin �lm more homogeneous. The vacuum inside the

chamber must be high to ensure a su�cient mean free path length of the atoms, a

good plasma quality, and to prevent contamination of the deposited material.

• Ion implantation: Figure 1.2 explains how the ion implantation system

works. In this process, the kinetic energy of Si+ ions before colliding with the

substrate is usually above 10 keV [31, 32]. In result, the ions are buried in a

depth of a few hundreds of nanometers. This method has some advantages,

e.g., the process can be conducted much faster than other methods, the Si+

beam can be controlled accurately by the scanner, and the depth of deposition

can be tuned by the applied voltage of the acceleration tube [32]. However, this

method also has some downsides, such as the price of the system, the damage

of the lattice structure of the substrate and formation of defects inside the

sample [31]. For co-doped Si NCs, this method is useful because the dose of the

dopant as well as the excess silicon concentration can be controlled accurately,

and high quality and designated parameters of the NCs are obtained. In 2012,
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Nakamura et al. prepared both single and co-doped Si NCs dispersed in an

SiO2 matrix by an ion implantation method called �the ion implantation of

rf-sputter-deposition� [33]. This method included two steps. At the �rst step,

the undoped Si NCs in a glass matrix were produced by radio frequency (RF)

sputtering method. These sputtered layers were annealed in N2 ambient to

form NCs. Subsequently this �lm was used as a substrate in ion implantation.

In the next step, namely phosphor and boron sequentially were implanted into

the substrate of undoped Si NCs in an SiO2 matrix. Here kinetic energies of

phosphor and boron ions were 250 and 100 keV, respectively.

Figure 1.2: An illustration of an ion implantation system. The ion source produces

Si+ ions whose beam is aligned by magnetic �eld onto a slit. A tunable slit can

adjust the aperture of the ion beam. The kinetic energy of ions is typically above 10

keV, as accelerated inside the acceleration tube. The scanner precisely controls the

ion beam in both vertical and horizontal directions on the target.

• Solution based precursor reduction method: This method is mainly used
to produce free standing Si NCs and is based on the chemical reaction between

SiCl4 and other solutions. One example of this method is research of Tilley

et al. [34]: Tetraoctyl ammonium bromide (TOAB) and salts were used to

react with SiCl4 in toluene solvent to produce green �uorescent free-standing

Si NCs. The reaction was conducted under sonication, LiAH4 was added to

ensure homogeneous precipitation. Si NCs were formed with H-termination

on the surface (Si-H). The chemical reaction can be written as follows:

SiCl4 + TOAB + LiAlH4 −→ Si−H + salts. (1.7)

This method is simple and cheap. Furthermore, it allows to apply surface

modi�cations. This method can produce Si NCs with red-to-blue luminescence

[35, 34, 36].
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1.2.1.2 Some possible applications of Si NCs

• Photovoltaics: Recent investigations have shown that the lifetime of carriers
in Si NCs is size dependent, with values around hundreds of microseconds [37,

38, 39]. Hot carriers can contribute to the electric current in the photovoltaic

applications and to recombination (both nonradiative and radiative). With

a long PL lifetime, hot carriers contribute to the current rather than the

luminescence, and the photovoltaic conversion e�ciency can increase.

• Solar shaping: Si NCs can be used as a down conversion layer for solar cells.

Depending on the external quantum e�ciency, both undoped and doped Si

NCs can be used for this application. By changing fabrication conditions, it

is possible to obtain Si NCs with high PL quantum yield (QY) [40], which are

more promising for solar shaping applications - see section 2.1.1.

• Biology: The minimum absorption and scattering of organic tissues (such as

blood, skin, etc.) are found in the wavelength range of 650 -1350 nm (0.9 -

1.9 eV) [41] which corresponds to the NIR PL of Si NCs (around 1.2 - 1.8

eV). Therefore �in vivo� applications are possible for Si NCs [42, 5]. In order

to e�ectively excite Si NCs, we need ultraviolet (UV) excitation which is,

however, also absorbed by organic tissues. In order to solve this, two-photon

excitation microscopy, in which the excitation energy (usually NIR) is lower

than the emission energy of Si NCs, is applied [43]. It has been demonstrated

that Si NCs can be injected inside the body to investigate cancer tumors [44].

1.2.2 Carbon quantum dots

1.2.2.1 Why carbon quantum dots?

Carbon QDs have many applications, such as bio-imaging, biosensors, nanomedicine,

photocatalysis, etc. Carbon ranks 14th in the list of the most abundant elements [45],

and is the basic component of cells in living organisms. With large abundance, low

toxicity and low production costs, carbon is an important material with a wide scale

of applications. Similarly to Si, upon shrinking of carbon structures, QC appears

[46, 47] and leads to many interesting properties [48]. Carbon exists in di�erent

allotropes [49], depending on the structure and the type of bonds between atoms.

There are two types of bonds: double bond (derived from the sp2 orbitals and single

bonds (originating from the sp3 orbitals). Di�erent nanoforms of carbon include:

• Fullerenes: This is an empty sphere with carbon atoms on the surface, with

sp2 and sp3 bonds. The most popular structure containing 60 units and called

�Buckyball� or C60 [50]. Apart from C60, fullerenes also exist as C70, 72, 76,

etc., the digits representing the number of carbon atoms. Compared to C60,

the other fullereneses exhibit lower symmetries.
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• Graphene: This allotrope has planar structure (2D) with hexagonal lattice.

It can be seen as the building block for fullerenes and carbon nanotubes.

• Carbon nanotubes: This allotrope has a cylindrical shape with diameter

in the nanometer scale. It can be visualized as a rolled graphene sheet. The

carbon nanotubes include single-walled (if the tube is formed by only one

layer) and multi-walled variety (multiple graphene layers).

• Graphite: This structure is formed from a number of graphene layers bonded

by van der Waals interaction.

1.2.2.2 Fabrication methods

Carbon QDs can be produced by various methods which can be classi�ed in two

groups: top-down and bottom-up synthetic routes. The former relates to the process

in which carbon QDs are created from big clusters or bulk carbon, while the latter

involves building up QDs from individual carbon atoms. Several fabrication methods

are mentioned below:

• Laser ablation: This is a top-down method in which a laser beam is used to

form carbon QDs from carbon powder. This method was used in a research

of Nguyen et al. [51] in 2015. In their experiment, after ultrasonic vibration,

carbon powder was dissolved in polyethylene glycol. A femto-second laser,

with a wavelength of 800 nm and repetition rate of 1 kHz, was applied to

produce a small excitation spot with a diameter of 4, 8 or 16 µm. Upon laser

exposure, a stirrer was used to ensure separation of QDs. The method has

some advantages: the size distribution is relatively narrow and PL spectra and

PL QY can be controlled by the laser power density and the exposure time

[51].

• Electrochemical oxidation systhesis: This method is a top-down route.

The method principle relates to the electrolytic process in which one electrode

is a graphite bar or an ensemble of multiwall carbon nanotubes, and the other

one is a conductive alloy, such as saturated calomel (Hg2Cl2), or silver chloride

(AgCl). The electrolyte can be NaH2PO4 [52], or a mixture of ionic liquids

dissolved in water [53]. PL spectra, the size distribution and other properties of

carbon QDs produced in this way are in�uenced by the type of the electrolyte

solution, and concentration of ions in the electrolyte [53].

• Microwave assisted reaction: This is a facile top down method which was

applied in research of Liu et. al. [54] to produce blue-photoluminescent carbon

QDs. In this research, a small amount of diethylene glycol (HOCH2CH2)2O
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was mixed with sucrose (a type of sugar C12H22O11) and condensed sulfu-

ric acid H2SO4. The mixture was sonicated for better homogeneity. The

compound was held inside a microwave oven to reach the high temperature

needed for the chemical reaction. Afterwards, the obtained result was span by

a centrifuge to isolate small particles. After this process, the mixture included

carbon QDs with di�erent diameters. In order to select a certain size, the

compound was put inside a dialysis membrane, and then soaked with distilled

water. During this process only the small carbon QDs could di�use through

the pores of the bag. Finally the size-selected carbon QDs were collected.

• Molecular precursor: This method is classi�ed as bottom-up. The def-

inition �precursor� denotes a compound which is used to react with other

chemicals and create speci�c substances. In the research of Liu et al. [55],

resols (phenol/formaldehyderesins) were used as carbon precursors and silica

colloidal spheres were used as carriers. Carbon QDs with a broad range of

emission were formed after a heat treatment removing silica carriers. Also

many other types of chemicals can be used as precursors, such as citrate, car-

bohydrate, ascorbic acid yielding di�erent properties - see table 1 in reference

[56].

1.2.2.3 Applications of carbon quantum dots

Carbon QDs are widely applied in many �elds. The most popular applications are

in biology and environmental solutions. Some typical applications are:

• Biosensor: This concept denotes the analytical device using a particular

biological element and a physiochemical detector to investigate the presence

and the amount of a particular substance. Carbon QDs can be used to monitor

the amount of Fe3+ [57], pH level [58], glucose level [59], etc. in a cell. PL

quenching is the main principle used in this application.

• Hg2+ detection: Carbon QDs are very sensitive to Hg2+, which is a toxic ion

[60, 61]. The ion exists in some appliances, such as non-rechargeable batteries

and thermometers. Furthermore, industrial sewage also contains a certain

amount of Hg2+. If the blood contains Hg2+ ions, they quickly di�use into the

cells and destroy them. Investigating concentration of Hg2+ is important to

prevent health risks. PL intensity of carbon QDs is highly sensitive to Hg2+

and the presence of these ions can be recognized by the emission intensity

quenching at 440 nm [60]. The sensitivity of carbon QDs to ions is improved

signi�cantly with the presence of -CN functional groups in N-doped carbon

QDs [62].
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• Photocatalysis: Light is necessary to induce some chemical reactions, e.g.

the formation of vitamin D under sunlight [63] and the photosynthesis in

leaves to produce glucose and oxygen. For this application, the high PL QY is

important. Furthermore, signs of up-conversion (the emission of high energy

photons upon absorption at a lower energy photons) have been reported for

carbon QDs [64], and this signi�cantly boosts their application potential for

photocatalysis.

1.3 Carrier multiplication

1.3.1 De�nition

Carrier multiplication (CM) is a process in which a free carrier with a su�ciently

large excess energy can relax thereby generating an additional free carrier. One

physical mechanism by which this can take place is impact excitation. In that way

the concentration of free carriers is increased [65].

1.3.2 Recent studies

The CM process takes place in bulk semiconductors and has been observed in the

past for di�erent materials, such as Si, Ge, GaAs, GaP, and lnSb, among other

[66, 67]. In those studies, speci�c e�ciencies of CM and threshold energies, marking

its onset, have been determined. Since CM relies on coupling between carriers, it can

be expected that its e�ciency can be boosted by QC. In line with that, enhanced

CM has been reported in semiconductor QDs. In 2006, using time-resolved PL and

transient absorption, Schaller et al. reported CM in CdSe QDs, with the threshold

energy of 2.5 Eg [68]. In 2010, Beard et al., established that CM in PbSe QDs is at

least twice more e�cient than in bulk material [69]. In parallel, a possible impact of

CM on photovoltaic conversion e�ciency has been pointed out. In 2002 Nozik has

evaluated that CM in "QD solar cells" could allow reaching conversion e�ciencies

of up to 66 %, i.e. far above the Shockley-Queisser limit [70].

1.3.3 Auger recombination and carrier multiplication processes

1.3.3.1 Auger recombination

This process is illustrated on �gure 1.3 for the case of two e-h pairs in the same QD.

Due to interaction between them, one e-h pair recombines, transfers its energy to

the second one. The rate of this process is usually evaluated in terms of a speci�c

time constant. Depending on the materials and the diameter of QDs, typically values

between 10 and 500 ps are found [71, 72]. With this process, the concentration of free
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carriers inside a QD reduces fast. Due to the short time scale, Auger recombination

(AR) can be investigated by ultrafast induced absorption (IA) dynamics [73, 74].

Figure 1.3: The schematics of the AR process. a): two photons with energy εin
excite a single NC and create two e-h pairs. The recombination energy of one pair

is transferred to the other one (the green arrow) creating a �hot� electron. b): The

electron cools down (blue arrow). Eventually, the electron recombines with a hole in

the valence band (red arrow) and can produce a photon with an energy εout.

1.3.3.2 Multiple exciton generation

In QDs, the Coulomb interaction between carriers is increased, which may enhance

the probability of impact excitation. Therefore a hot carrier with su�cient excess

energy can generate one more free carrier in the same QD, instead of phonon emission

- see �gure 1.4. Eventually, there will be two excitons existing simultaneously in

the same QD: the situation is similar to that in �gure 1.3. Therefore, non-radiative

recombination (as the result of AR) will follow and the carrier concentration will

reduce.

Figure 1.4: MEG process in a QD. a): Hot carrier 1 is created by a high excitation

energy photon εin. Its excess energy excites carrier 2 in the same QD (green arrow),

and carrier 1 moves down to the bottom of conduction band edge (red arrow) b):

The QD is in the bi-exciton state and AR occurs.
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1.3.3.3 Space-separated quantum cutting

This process is similar to MEG with the di�erence being the spatial localization.

The process is illustrated in �gure 1.5. With a small distance between QD A and

QD B, the wavefunction of the hot carrier (carrier 1) couples to a carrier in the

neighbouring QD, exciting it above the bandgap. Since the extent of the electronic

wavefunction at the band edge is reduced, the excited carriers do not undergo AR

(as in MEG), and both e-h pairs can recombine radiatively: the emission e�ciency

is enhanced. In general, PL QY of QDs is the result of competition between SSQC,

MEG, AR; carrier cooling and other possible processes [40].

Figure 1.5: The scheme of the SSQC process. a): QD A is excited by a high energy

photon (εin), hot carrier 1 is produced. Carrier 2 in QD B is produced by the

excess energy of carrier 1 (green arrow), as a result there are 2 excitons in the two

separated QDs (the red broken circles). b): These carriers recombine with the holes

in the valence band, 2 photons with energy εout are produced.

1.3.4 Carrier multiplication for applications

As already mentioned, CM carries a promise of enhanced conversion in photovoltaics

(PV), allowing to generate more than one e-h pair upon absorption of a single, high

energy photon. In QD solar cells making use of MEG for CM an important condition

is that the multiple carriers can be extracted faster than the Auger recombination.

Another photovoltaic application, where CM could be used (as SSQC), are the so-

called solar shapers. This is an add-on photon-in-photon-out device which absorbs

high-energy photons before they reach a solar cell and converts them into multi-

ple photons of lower energy; in that way the solar spectrum is modi�ed and the

subsequent photon-to-electron conversion in a solar cell becomes more e�cient.
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1.4 This thesis

The thesis is divided into 5 chapters:

1. Chapter 1 introduces the main concepts used throughout this research - QC

and formation of QDs and NCs and the di�erent forms of the CM process.

Also production methods for Si and C QDs and NCs are presented.

2. Chapter 2 focuses on experimental methods. Since a large part of the thesis is

devoted to PL QY measurements as a convenient method to investigate CM,

a variety of relevant experimental setups are presented. Their individual ad-

vantages and shortcomings are discussed in detail. Special focus is on speci�c

aspects of QY determination for materials with low absorption.

3. Chapter 3 presents a broad study of excitation dependence of PL QY for lay-

ers of Si NCs in SiO2. The investigated variety of materials feature Si NCs of

di�erent size and concentration, prepared from co-sputtered layers of di�erent

stoichiometry, and annealed at di�erent temperatures. A comprehensive dis-

cussion of various microscopic mechanism leading to increase and decrease of

PL e�ciency are reviewed.

4. Chapter 4 discussed CM in co-doped Si NCs. CM in these materials is investi-

gated in parallel by PL QY and IA measurements. The results are compared

with those obtained for undoped Si NC layers of similar parameters. Partici-

pation of dopant-induced energy levels in the CM process is postulated.

5. Chapter 5 presents investigation of carbon QDs. A simple and low-cost fab-

rication method of high-quality doped and undoped C QDs is proposed and

their optical properties are investigated in some detail. Possible application

potential is considered.




